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ABSTRACT
Lake Amadeus, a large saline piaya 120 km long and up 
to 12 km wide, forms a major feature of arid Central 
Australia. Surrounded by stabilized dunefields, it has 
been selected here as the site for a range of historic and 
process oriented studies.
The Amadeus piaya is today a groundwater controlled 
system of a type largely unrepresented by detailed studies 
elsewhere in Australia. Moreover, it lies in an area from 
which Late Cenozoic environmental data remain sparse.
With its associated variety of stabilized gypsum and 
quartz dunes associated with saline sedimentary facies, it 
provides sensitive indicators of past arid depositional 
events.
Analyses of the stratigraphic and chronologic record 
are supplemented by detailed studies of modern hydrologic, 
chemical and sedimentary processes. These provide the 
framework controls within which interpretations of the 
past record are reconstructed.
Field work was carried out during winter and spring 
seasons in 1984, 1985 and 1986. Four 15m cores and more 
than 20 short cores up to 1.7m long were taken. Across 
the piaya and its marginal land, groundwater, shallow 
stratigraphy and sediments were studied by piezometers, 
trenches and auger holes. Evaporation was measured with a 
method of sediment blocks. Palaeomagnetism and 
thermoluminescence dating methods were used to establish 
the piaya chronology. Thin section, chemical, mineral and
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texture analyses help in evaluation of the sedimentary 
facies assemblage.
The Cenozoic sediments are divided into two major 
units: Uluru Clay in lower part and the overlying Winmatti 
Beds. The Uluru Clay sequence, at least 60m thick, 
overlies Proterozoic dolomitic limestone. Of uniform 
lithology, it consists of clay horizons with minor 
intercalated gypsum. The Clay was deposited in a shallow 
lacustrine and fluvial enviroument with periodical saline 
and frequently dry conditions. The basal Uluru Clay is 
estimated to be over 5 Ma old. The transition from 
Tertiary to Quaternary, coincident with the Gauss/Matuyama 
palaeomagnetic boundary, occrred within the uniform Uluru 
Clay sequence.
The Winmatti Beds comprise the top several metres of 
basin sediments. The beginning of Winmatti Beds coincides 
probably with Jaramillo subchrone (0.91 Ma). The 
appearance of gypsum-clay laminae, thick gypsum sands and 
aeolian quartz, characteristic of the Winmatti Beds, marks 
the onset of a new sedimentary and climatic environment.
In this the dominance of saline groundwater marks the 
first development of a groundwater discharge playa system. 
The association with aeolian deposits signals the 
dominance for the first time of major aridity.
On the landward margin, two rings of gypseous dunes 
and associated quartz dunes represent facies equivalent of 
arid units in the playa. The older gypseous dune possibly 
formed soon after the Uluru Clay. The younger gypseous 
dune is correlated with a gypseous clayey sand layer
Vwithin the Winmatti Beds. The gypseous dunes were 
deposited by deflation of near-shore gypsum accumulating 
in the groundwater seepage zone during a period of high 
watertable.
The hydrologic and climatic history since the younger 
gypseous dune formation is correlated broadly with events 
identified in Southern Australia. The younger gypseous 
dune formed around 45 to 60 Ka B.P. (TL dates), when a 
high regional watertable was associated with a wetter 
climate. A period of regional dune activation followed 
the younger gypseous dune formation resulting in an 
aeolian sand deposit in the playa and the thick quartz 
sand mantle on the gypseous dunes. This represents a 
drier and windier period which may correlate with the low 
water level period of 25 to 16 Ka in Southern Australia. 
The deposition of shallow water gypsum layer, which 
comprise marginal terraces and low terrace islands, 
represents a relatively high water level period. This may 
correlate with the relatively high water levels of 
Holocence time in Southern Australia.
The chronology and stratigraphy predating the younger 
gypseous dune remain unclear. They are complicated by 
major breaks in the depositional record. Groundwater 
bevelling, deflation and soil formation help explain the 
hiatuses and low rates of deposition.
A new surface feature is identified which has both 
morphologic and stratigraphic expression. Termed GYPSUM 
GROUND it comprises a large area of the playa surface. A 
brown undulating salt encrusted surface developed over a
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nearly pure layer of sand-sized gypsum lies some 40 cm 
above the local watertable and above the level of periodic 
annual flooding. Thin section and detailed sedimentologic 
studies establish this as a degradational remnant of a 
previously more extensive gypsum sand associated with a 
high watertable environment equivelant to the deposition 
of gypsum marginal terraces and low terrace islands.
The gypsum ground, now largely independent of 
groundwater evaporative processes, is one of three 
morphologic and sedimentary units recognized as 
characterising the modern playa surface. The other two at 
lower surface altitude, salt flat and sulphide lowland, 
are controlled by a combination of groundwater and surface 
interactive processes.
Evaporation pattern for the playa surface are divided 
into two types. One represents a very low rate from the 
encrusted surface (El phase); the other is a much higher 
evaporation phase after the crust is dissolved by rain (E2 
phase). Evaporation of the El phase is estimated to be of 
the order 70mm/y. Since all rain water is not totally 
evaporated during the E2 phase, this value (El) can only 
be used as an upper limit for net evaporation, the 
difference between the total evaporation and the rain 
water on the surface. The quantity of rainfall not 
evaporated during E2 phase (therefore a recharge 
component) seems to be significant compared to the annual 
El evaporation. Therefore, the net evaporation and 
discharge rate may be very low, consistent with a very low 
salt concentration rate in the system.
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This evaporative regime provides new insights into the 
question of evaporite formation in a context where the 
absence of salts seems anomalous when considered in the 
light of present processes.
The playa lacks any substantial salt deposits (other 
than gypsum and glauberite), either on the surface or in 
the sediment column, eventhough it has been experienced 
saline conditions. The surficial salt crusts are commonly 
1 cm thick and never exceed 5 cm although the watertable 
remains in the capillary fringe and the groundwater is 
highly saline (250g/l). The total quantity of dissolved 
salts in the groundwater pool are less than expected from 
present processes considering the long existence of the 
saline phase.
The thin salt crusts on the surface today are 
ephemeral being subject to periodic dissolution and 
reformation. Crusts cannot develop to a significant 
thickness because of combined low net evaporation, 
leaching by.rainfall, possible downward ionic diffusion 
associated with groundwater body unsaturated with respect 
to sodium chloride.
Groundwater salinity has probably never exceeded 
chloride saturation due to a combination of processes 
including slow chemical concentration rates, processes of 
groundwater body expansion, past salt loss through 
deflation and salt leakage by deep groundwater outflow 
during early Quaternary or even Tertiary time.
The priciple of simplistic uniformitarian 
interpretations is once more called into question by these
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studies. In its Quaternary hydrologic history, the 
groundwater discharge playa, today delicately balanced 
between discharge and recharge regime, has sometimes 
existed as a prolonged groundwater recharge zone as 
evidenced by fossil soils with vegetative biotubule 
remnants. Thus the present hydrologic processes are not 
representative of past regimes emphasizing the dangers of 
using modern processes as analogues for past regimes.
The data confirm that Lake Amadeus has rarely operated 
as a true surface water lake since Tertiary time. The 
groundwater processes and history demonstrated here 
provide a new basis for understanding playa systems both 
here and in comparable arid to semi-arid regions of low 
relief elsewhere in the world.
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iCHAPTER ONE —  INTRODUCTION 
1.1 STUDY OBJECTIVES
This project, focussed on playa Lake Amadeus, has two 
major objectives:
1) Quaternary history of the Lake, as a representative 
example of many playas in the Central Australia.
2) Modern hydrological and sedimentary processes of the 
playa system.
The history of Quaternary environmental change is 
important both for understanding present-day environments 
and for predicting possible future changes. In Australia, 
most results of palaeoclimatic change are available from 
the relatively humid margins of the continent, e.g. Lake 
George (Singh and Geissler, 1985; Singh, et al., 1981), 
West Victoria and NSW Mallee regions (Bowler, 1978; 1980), 
tropical Queensland (Kershaw, 1981, 1985) and Tasmania 
(Colhoun, 1985). However, within the vast area of Central 
Australia, few data are available to define Quaternary 
environments (CLIMANZ, 1983) . Regional differences in 
palaeoclimatic patterns may be expected on this 
continental scale. The arid interior, largely unknown in 
this context, appears as a gap in Australian Quaternary 
studies.
A major problem to be solved involves the development 
of arid landforms. The onset of aridity, characterized 
especially by aeolian landforms and salt lake deposits, 
developed later than 700 ka in the Mallee region (Bowler,
1986; Wasson, 1986), as a pattern applying generally over 
south-eastern Australia. Bowler (1976) earlier 
hypothesised that aridity in Central Australia might 
predate that of the semi-arid margins.
This environmental study of central Australia was 
constrained by several difficulties, such as poor access, 
and strong oxidation of the playa and surrounding 
deposits, with a resultant lack of fossils and suitable 
materials for radiocarbon dating. Because this is the 
first study of its type in the area, the problem of 
locating suitable sites for Quaternary analysis was 
substantial. Earlier studies of long cores from lakes in 
eastern Australia suggested that the playas in central 
Australia may be promising places for preservation of 
Quaternary sedimentary records, but this had not been 
tested.
The Quaternary objectives of the study require 
evaluation of geomorphology, sedimentary facies and 
chronology of the sedimentary sequences and landforms 
preserved both in the playa and on the 'adjacent land.
The second objective aims at understanding processes 
in the modern playa system, as a basis for interpreting 
the ancient sediments and landforms. This is necessary 
because of the inadequate knowledge previously available.
Australian salt lakes can be classified on 
geomorphological grounds into 4 groups (De Deckker, 1983)
1) Large closed basins often occuring as terminal lakes 
in extensive areas of internal drainage.
2) Small closed basins in small internal drainage
3systems.
3) Crater lakes.
4) Coastal lakes.
The first type of salt lakes are dominant in the 
continental interior. They are ancient features of the 
Australian landscape, occupying areas of long-standing 
tectonic stability.
Bowler (1981, 1986) classified Australian lakes using 
a hydrologic approach. Two parameters were used. One is 
the areal ratio of catchment and lake water surface; the 
other involves the climatic setting of potential 
evaporation and precipitation. Bowler's (1986) 
classification is based on an index of disequilibrium, the 
difference between the climatic setting necessary to 
maintain the basin in steady-state lake-full conditions 
and that which prevails today. This classifies Australian 
lakes into a series in which:
i) Duration of surface water cover is compared to 
length of lake-dry intervals when basin is under 
groundwater control, and
ii) Distinct morphologic and sedimentologic features 
correspond to different phases.
Five hydrologic stages and relevant basin types were 
identified, from "real lake" (type A) with permanent, low 
salinity surface water ranging through to the playa 
systems dominated by groundwater processes (type E). In 
this series, the basin morphology (outlines) shows a 
significant variation, from regular, rounded shorelines of 
the permanent lake (type A) to highly irregular outlines
4of the playa (type E). Most large playas on the continent 
fall into the type E, although a few retain surface water 
long enough to be classed as type D. Lake Amadeus is an 
example of a groundwater controlled playa of type E 
(Bowler, 1986) .
The morphology and sediments of the permanent lakes 
have been studied and are reasonably well known. By 
comparison, groundwater controlled playas on the other 
hand have been the subject of few studies and are 
consequentely less well understood. Such playas are 
influenced by aeolian activities and groudwater processes 
compared to the dominance of surface water in permanent 
lakes.
Investigations of hydrology, sedimentation and 
landforms have been carried out at some playas in southern 
Australia, e.g. Lake Eyre (Johns, 1962; Dulhunty, 1974; 
Dulhunty, 1982; Bowler and Magee, in prep.), Frome (Draper 
and Jensen, 1976; Bowler et al., 1986, Magee et al., in 
prep.), Gairdner (Johns, 1967) and Torrens (Schmid, 1985; 
Johns, 1967). A systematic study of surface water and 
groundwater interactions in Northern Victoria systems of 
Lake Tyrrell was carried out by Macumber (1983). The 
hydrological processes in some seasonally dry groundwater 
discharge zones referred to as "boinkas" (Macumber, 1983) 
were additionally studied. Schmid (1985) studied 
sedimentation and hydrology of Lake Torrens in South 
Australia.
Despite the above work, many distinctive features of 
Australian playas remain poorly understood. One of the
5ubiquitious problems involves the general absence of 
substantial salt deposits in either buried sedimentary 
sequences or on playa surfaces. The most significant salt 
deposits are found in Lake Eyre, where buried halite layer 
is about 1 m in thickness; the modern salt crust is up to 
45 cm thick. In other playas, salts of solubility greater 
than glauberite and gypsum are basically absent. This 
contrasts with the occurrence of thick salt deposits in 
many salt lakes in America (Smith and Haines, 1964; Smith, 
1979), China (Chen and Bowler, 1986) and other arid to 
semi-arid regions of the world.
The groundwaters of Australia playas generally have a 
broadly similar chemical composition. Most are sodium- 
chloride waters. Major ionic ratios resemble sea water 
with few exceptions. This distinctive chemical signature 
raises many questions of salt origins (Johnson, 1979) .
Solutions to these problems lie beyond the scope of 
this thesis, which is directed more to understand modern 
hydrologic and sedimentary processes in a groundwater 
dominated system. Moreover, modern processes studies are 
a necessary pre-requisite for the interpretation of older 
sediments and landforms. Lake Amadeus is essentially a 
closed basin, for both surface and groundwater (Lloyd and 
Jacobson, 1986), and receives negligible runoff from the 
surrounding land. In this context, the following factors 
are important for the study of modern hydrologic and 
sedimentary processes:
a) Groundwater features including watertable and water 
chemistry.
6b) Evaporation from the playa surface.
c) Moisture and salt content of the playa's surficial 
layers.
d) Sedimentary and morphologic features of the playa 
crust and shallow-subsurface sediments.
Lake Amadeus was chosen as the study site for the 
following reasons:
a) Located at the center of the continent, results from 
this site would help fill the gap in the Quaternary 
history of Australia.
b) As a groundwater controlled playa, the hydrologic 
and sedimentary processes which operate here may be 
typical of similar playas elsewhere.
c) Although remote it is both comparatively accessible 
and its surface permits transport using fat-tired 
vehicles.
d) The Australian National University SLEADS (Salt 
Lakes, Evaporites and Aeolian Deposits) project 
provided four 15 m cores from this playa. 
Additionally, staff from The Bureau of Mineral 
Resources joined in a groundwater study of the playa 
and on adjacent area, providing additional basic
reference data.
71.2 PREVIOUS INVESTIGATIONS
Lake Amadeus was visited in 1872 by the first European 
explorer Ernest Giles (Giles, 1889), and in 1873 by Gosse 
(Gosse, 1874) . Later, the playa was also visited and 
briefly described by the Horn Scientific Expedition of 
1892 (Spencer, 1896).
Little scientific investigation of the Lake Amadeus 
region was carried out until approximately 1910, when 
government and company geologists began systematic surveys 
of the geology, mineral deposits and water resources of 
the area. Aimed primarily at the search for fresh water 
supplies to townships and pastoral settlements, and for 
mineral exploration, little attention was given to the 
vast salt playa of Lake Amadeus. Extensive surveys of the 
geology of the Amadeus Basin have been carried out by 
Perry et al. (1962), Wells et al. (1963), Ranford et al.
(1965), Cook (1968) and Wells et al. (1970).
As to the playa itself, there are few scientific 
references; most records involve only visual observations 
of the surrounding surficial rock types and aspects of the 
hydrology of the basin. Perry et al. (1962) described and
classified the land system of the Amadeus Basin, including 
the playa and its surrounding regions. Jones and Quinlan 
(Perry, et al.. 1962) noted that the surface moisture of 
the playa lakes in the Amadeus Basin are supplied 
primarily from groundwater, replacing evaporation losses. 
Mabbutt (Perry, et al., 1962) provided a brief geomorphic 
description of the playas in the area, their salt deposits
8and surface hydrology. A brief description of the 
Quaternary sediments of the Amadeus Basin is given by 
Wells (1970). A log of a core taken from a drill hole at 
Lake Amadeus by the exploration company Cundill, Meyers 
and Associates Pty. Ltd. (position shown in Figure 1.6.1) 
provides some detailed subsurface information. It defines 
the thickness and the lithologic features of the Cainozoic 
sediments. A water sample was taken and analysed from the 
depth of 80 m below the playa surface.
In the absence of more detailed geological studies, 
this project provides the first systematic analysis of 
geomorphology, hydrology and sediments of the Amadeus 
playa.
1.3 LOCATION AND PHYSIOGRAPHIC FEATURES
Lake Amadeus (Fig. 1.3.1) is located in the geomorphic 
province known as the Central Australian Ranges (Jennings 
and Mabbutt, 1977). A broad landscape depression oriented 
E-W divides the province, forming the Amadeus Lowland 
(Jennings and Mabbutt, 1977) with the Macdonnell Ranges in 
the north and the Rawlinson-Petermann Ranges and the 
Musgrave Ranges in the south. The Amadeus Lowland has an 
elevation varying mainly between 400 and 500 m above sea 
level, compared with higher ranges in the north (over 1500 
m) and in the south (over 1400m).
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Lake Amadeus is the largest of a chain of playa lakes 
occupying the central axis of the Amadeus Lowland, about 
120 km long along its E-W axis and about 12 km across at 
its widest section. The chain of lakes is made up of Lake 
Hopkins in the west, Lake Neal, Lake Amadeus, and numerous 
smaller playas stretching westwards from Curtin Springs to 
Karinga Creek, a tributary of the Finke River draining 
south along the western margins of the Simpson Desert 
towards Lake Eyre (Fig. 1.3.1).
The alignment of the playa lakes with Karinga Creek, 
and its junction with the Finke River suggests that the 
playas may be the remnants of a paleo-drainage system 
which linked the Lake Amadeus basin with Lake Eyre Basin 
during Tertiary time.
1.4 GEOLOGICAL SETTING
The geological setting of Lake Amadeus can be best 
summarized from the description provided by Wells et al. 
(1970) .
Lake Amadeus is located south-west of the centre of 
the Amadeus Basin, a geological basin containing thick 
sequences of Proterozoic, Palaeozoic, Mesozoic and 
Cainozoic sediments deposited within an intracratonic 
depression of Precambian igneous and metamorphic rocks. 
Rock types of this sequence encompass conglomerate, 
sandstone, siltstone, shale, limestone, dolomites and 
evaporites. These sequences vary from thousands to tens 
of thousands of metres in thickness.
11
The Amadeus Basin is a downwarped area separated from 
adjacent basins by regional anticlinoria. The sedimentary 
rocks in the basin have been strongly folded during two 
major orogenic episodes, the Petermann Ranges orogeny of 
the later Proterozoic and the Alice Springs orogeny which 
reached a climax during the late Devonian. The axes of 
the folds formed during the two orogenies are sub­
parallel, trending NWW to SEE.
In south part of the basin, the poorly exposed folds 
are inferred to be tight canoe-shaped synclines with small 
plunges (Wells et al.. 1970). In the north, numerous 
folds of great regularity and length are well exposed, 
several of which can be traced for 240 kms. The fold 
style varies from gentle to closed and from symmetrical to 
asymmetrical or overturned.
Two main fault types have been recognized in the 
basin, longitudinal thrust faults, and transverse faults. 
The thrust faults are large and prominent, mainly located 
in the north and central part of the basin, and usually 
with movement along steeply dipping fault planes with 
large displacement. Transverse faults are most common, 
but are usually short and with minor displacement.
The Palaeozoic sediments of the Amadeus Basin are 
unconformably overlain by sediments of both probable 
Tertiary age and Quaternary age. They form the framework 
for today's landscape over much of the basin. Although 
their exact age is not known, sediments of Tertiary age 
crop out at numerous localities in and around the Amadeus 
Basin. Those closest to Lake Amadeus are to be found
12
about 30 kms east of the playa. These are divided into 
three stratigraphic units (Wells et al.. 1970). The 
succession, starting from the lowermost unit is as 
follows:
1) Pre-silcrete sediments.
Sandstone, siltstone and conglomerates reach a 
thickness up to 12 m. The unit is sub-horizontal and often 
capped with silcrete, some of which crop out in mesas.
2) Silcrete.
Silcretes exist mainly in the east half of the basin 
as capping on many mesas. Ferruginized sediments in the 
central and north-eastern parts of the basin are 
believed to be contemporaneous with the silcrete.
3) Post-silcrete sediments comprising 2 sub-units.
a) Conglomerates.
These are widespread, but locally derived, occuring 
as piedmont gravels adjacent to prominent ranges. In the 
central part of the basin, river conglomerates are found 
up to 15 m above the surrounding plain. Moreover, the 
disposition of the conglomerates suggests little change in 
the position of the major drainage channels in post- 
Tertiary time.
b) Interbedded sandstone, siltstone, claystone and 
limestone.
These occur mainly to the east of Alice Springs, and 
in the central part of the basin. Both the sediments, and 
the fossils they contain, are considered to be of 
predominantly lacustrine and fluviatile origin and were
13
probably deposited in a series of lakes distributed along 
former rivers.
About three-quarters of the Amadeus Basin sediments 
are covered by surficial Quaternary deposits, which 
include:
a. Aeolian sand. This is widespread as sand dunes and 
sand plains.
b. Calcrete. This is extensively developed but 
localized in association with ancient drainage 
lines.
c. Terrace gravels. These occur in strike valleys of 
the mountainous and hilly areas.
d. Gypcrete, evaporites and clay. These are most 
common around and within the playas.
e. Recent sediments, comprising surficial soil, creek 
alluvium and alluvial fans.
In this Quaternary landscape, Lake Amadeus occupies 
the centre of the Amadeus Lowland, which is strongly down- 
faulted on its northern margin, and partly faulted on its 
southern margin (Twidale, 1968). The elongated playa is 
oriented in a NWW direction, parallel to and possibly 
controlled by the regional, structural trends of the 
underlaying sediments. However no evidence is found of 
faulting and folding of surficial sediments adjacent to 
the playa. Several small outcrops of Proterozoic 
sandstone protrude through the surficial sediments, 
forming low hillocks near the western and eastern ends of 
the playa.
14
An important evaporite-bearing group of rocks in the 
region is the Bitter Springs Formation, of Proterozoic 
age. This occurs at shallow depth below the Quaternary 
sediments of Lake Amadeus, and is the only suite of rocks 
in the Amadeus Basin which are known to contain pre- 
Quaternary gypsum. Its presence below the playa has been 
confirmed by the drilling carried out by the exploration 
group Cundill Meyers and Associates Pty. Ltd. (Martin, 
unpub.). The location of the drill hole with respect to 
the lake is shown in Fig 1.6.1. The drill log may be 
summarized as:
0-3 m : Recent sand.
3-65 m : Quaternary to Tertiary clay, saline and
gypsiferous.
65-84 m : Weathered top of Bitter Springs Formation,
comprising dolomitic limestone interbedded 
with dolomite, calcareous siltstone, mudstone 
and claystone.
84-88 m : Fresher Bitter Springs dolomite and dolomitic
limestone with minor slightly calcareous 
siltstone.
Nearly 1000 m in thickness, the Bitter Springs 
Formation is a sequence of evaporitic cycles (Wells, et 
al., 1970) consisting predominantly of interbedded 
limestones, dolomite, shale, siltstone and gypsiferrous 
siltstone. Much of the outcrop gypsum in this formation 
occurs some 100 km north-west of Lake Amadeus on the north 
side of the Gardiner Range, and at some scatted locations 
east of Alice Springs. However, some gypsum, formed as
15
diapiric structures in the Bitter Springs Formation, 
occurs in outcrop some 30 to 40 km immediately north of 
Lake Amadeus.
1.5 CLIMATE
Because of its geographic location and size, the 
Australia continent as a landmass is affected 
substantially by great eastward-travelling anticyclones, 
with resulting heat and dryness as any climatic map shows 
(Gentilli, 1986). Lake Amadeus lies near the axis of the 
great anticyclonic whorl represented by the central 
Australian dunefield (Figure 1.3.1), between the trades to 
the north and westerlies to the south.
During summer, the travelling anticyclones follow a 
more southerly path and control the weather of the 
southern half of the continent. Because the anticyclones 
are so far south, the southeast trades often fail to reach 
the northern shores, allowing a very shallow and 
inconsistent northwesterly monsoonal flow to penetrate 
inland. This is the chief bearer of northern summer 
rains.
During winter, the anticyclones dominate central and 
northern Australia. The air that descends is very dry, 
hence usually clear and sensitive to temperature changes. 
This is northern Australia's driest season. The southern 
continent is controlled by the westerly subtropical jet 
which is highly variable causing alternations of fine 
weather and rainy periods.
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The available meteorological records for the area 
around Lake Amadeus come from six nearby meteorological 
stations (Fig. 1.5.1), among which, Curtin Springs and 
Yulara (10 km east of Ayers Rock) are the closest while 
Alice Springs has the longest and most comprehensive 
records.
Rainfall and evaporation
An average annual rainfall of 250 mm is expected for 
Lake Amadeus, these data averaged from the 6 nearby 
stations. However, in this arid climate, rainfall is 
highly variable. Among 42 years of record at Alice 
Springs, the highest annual rainfall was 782.5 mms (1974) 
compared to the lowest, only 82.1 mms (1965) . For Yulara, 
for 15 years, the highest record was 934.6 mms (1974) and 
the lowest, 118.8 mms (1972). Thus wet extremes are more 
than 3 times the average while driest years record only 
one-third of average precipitation.
Though the average annual rainfall is only about 250 
mm, intensity varies significantly especially in response 
to storms. Heavy falls of 50 mm per 24 hours is, on 
average, a once-a-year event; rainfall of 25mm/24h occurs 
twice a year on average, according to the 35 years 
records of Curtin Springs. By contrast, rain-free periods 
lasting for many months are common.
As a dominantly summer rainfall zone, the playa 
recieves 68% of the annual rainfall within the summer-half 
year (Oct. to March), as calculated from records of
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the 5 nearest stations. However, through the 42 years' 
records of Alice Springs, winter rainfall constituted 
64.7% in 1955, 51.1% in 1980, 49% in 1973 and 48.2% in 
1978 .
Compared to rainfall, potential evaporation throughout 
the area is high. Annual pan evaporation at Alice Springs 
reaches 2883 mm/y, averaged over 17 years (1968 to 1984). 
More than 10 times annual rainfall, this excess 
evaporation typifies the basically arid nature of the 
area. In contrast to rainfall variability, evaporation 
values are more constant. Among 17 years of Alice Springs 
record, the highest annual pan evaporation was 3650 mm 
(1971), about 1.3 times the average; the lowest one 2190 
mm (1974), about 0.76 times the average.
Temperature
Long term average data from Alice Springs are shown 
(Fig. 1.5.2). Temperatures throughout the area reach 
highest values during Jan., up to 36.6°C (mean daily 
maximum). Lowest values during July drop to 4.5°C (mean 
daily minimum). The diurnal difference between mean 
maximum and mean minimum is near 14'° to 15° for the entire 
year.
Wind
The percentage occurrence of surface wind directions 
are plotted from Alice Springs and Ayers Rock (Yulara)
(Fig 1.5.3). The dominant wind direction at Alice Springs 
is easterly and southeasterly throughout the
19
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Fig. 1.5.2, Monthly pan evaporation, rainfall, mean daily 
maximum and minimum temperatures (data from 
Alice Springs records).
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Fig. 1.5.3, Wind directional frequency diagrams plotted 
for Alice Springs and Ayers Rock (Yulara) data. In 
each double arm shown, proceeding clockwise, the 
first line shows the 9 a.m. wind, the second line 
the 3 p.m. wind. The length of the arms illustrates 
the frequency from that direction.
21
year. At Ayers Rock, the directional frequency is more 
variable (Fig 1.5.3). In January winds from the 
southeast, northeast and east are dominant, compared to 
southeasterlies, northeasterlies, southwesterlies and 
northwesterlies winds in July. These Ayers Rock data 
record more frequent northeast, northwest and southwest 
winds than at Alice Springs.
The most frequent wind speed at Alice Springs (about 
35.8% of total) ranges from 11 to 20 km/h (3.06 to 5.56 
m/s) through the whole year. At Ayers Rock, the situation 
is more complex. The most frequent wind speed (about 
35.6% of total) falls in the range of 6 to 10 km/h (1.7 to 
2.8 m/s). However, during the summer half year (from 
October to March), the wind speed has a second peak (about 
19.1% of total) in the range 21 to 30 km/h (5.8 to 8.3 
m/s). At Alice Springs, very strong winds (>41 km/h or 
>11.4 m/s) comprise less than 1% of total observations 
compared to 2.5% at Ayers Rock. The dominant directions 
of this strong component are northwesterly and 
southeasterly at both Sites.
In the field, some strong winds were experienced. The 
sands on vegetation-free dune crests were shifted and dust 
was lifted, forming a dust mantle hundreds of metres high 
over a large area. Between 1/10/86 to 30/10/86, at least 
3 such occurrences were observed.
Humidity
During the 1985 and 1986 field period, a 
hydrothermograph was set up in the middle of the playa.
22
It demonstrated a strong correlation between temperature 
and humidity. The highest daily temperature often occures 
around 4 pm; humidity then reaches its minimum, often 
around 10%. When the lowest temperatures occurs, often 
around 7 am, humidity reaches maximum values, often above 
50%. On several days, it reached 80% and dew appeared on 
metallic equipment surfaces.
1.6 PRESENT REASEARCH PROJECT
This project began in 1984, coincided with drilling 
work of the playa by the ANU SLEADS reseach program.
Four long cores to 15 m were taken; 7 sets of nested 
piezometers were installed on two sections across the 
playa (fig. 1.6.1, 1.6.2). In connection with the 
research progrem of Dr. Jacobson (Bureau of Mineral 
Resources), a groundwater level monitor was installed and 
recorded data for one month. The levels of nested 
piezometers were accurately surveyed.
Project field work extended over three years, from 
12th Aug. to 20th Sept, in 1984, from 22th July to 24th 
Aug. in 1935 and from 30th Sept, to 31st Oct. in 1986.
The field work included:
1) Sampling.
The following samples were taken:
a) About 30 short cores, up to 2m in length.
b) Over 500 samples of sediments, including salt 
crusts in the playa, dune sand and gypcrete from adjacent
land.
23
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c) Over 80 groundwater samples from sites across the 
playa and marginal terraces.
2) Auger holes and trenches.
About 50 holes up to 4.5 m deep were augered by 
hand and many trenches were dug at various sites in the 
playa and on the marginal land for stratigraphic 
exploration.
3) Groundwater measurement.
Groundwater levels and density were measured at over 
100 sites, from the nested piezometers, from shallow 
piezometers and numerous pits distributed across the playa 
and the marginal terraces.
4) Evaporation measurement.
An indoor simulating experiement and a field 
measurement with sediment blocks were carried out 
(description of the methods is presented in 3.4).
5) Survey.
The topography of several sections across the playa 
and adjacent margins and altitudes of some piezometers and 
auger holes were surveyed.
The laboratory analyses for this project include:
1) Air photo interpretation and mapping.
2) Wet chemical analysis on 86 grounwater samples for 
pK, density and 8 major ions as CO“~, COH”, SO--,
26
Cl-, Ca++, Mg++, Na+, and K+ (analysis by Mr.J. 
Caldwell, Dept, of Biogeography and Geomorphology, 
ANU) .
3) Detailed logging and description of the long and 
short cores.
4) Size analysis of 200 samples. (Detailed laboratory 
processes are in Appendix 1.1.)
5) Thin sections (about 100). (Detailed laboratory 
processes to prepare thin section are in Appendix 
1 .2 .)
6) X-ray diffraction (XRD) for mineral identification.
7) Paleomagnetism dating on the long and short cores.
8) Thermoluminescent dating of samples taken from 
gypseous dunes.
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CHAPTER 2 GEOMORPHOLOGY
The morphology of the playa and surrounding dunefields 
reflects the interaction of various geomorphic processes 
especially wind, surface water and groundwater. Depending 
on prevailing climatic and hydrologic conditions, one or 
other processes may dominate through time. A systematic 
evaluation of landforms is necessary to interpret past 
processes in this area of arid Central Australia, where so 
little was previously known. Short descriptions of salt 
pans in the region are reported in several regional 
investigations of geology, hydrology and land resources 
(Perry et al., 1962; Wells et al. , 1970).
This study approaches the geomorphology at two scales, 
the regional scale of the dunefields and the local, 
detailed analysis of individual features.
2.1 DUNES
Two dune types are recognized in the region on the 
bases of differences in composition and morphological 
features. Quartz sand dunes which form regional 
dunefields surrounding the lake comprise the first group; 
the other refers to the more local gypseous dunes which 
occur marginally to the playa.
28
2.1.1 REGIONAL ASPECTS
Surrounding the Central Australia Ranges, the sand 
dunes form an anticlockwise pattern, where the sense of 
sand migration is recognised from the orientation of Y- 
junctions between longitudinal dunes (Brookfield, 1970). 
The longitudinal dunes of the Great Victoria Desert in the 
south have an average trend from west to east. The dunes 
of the Simpson Desert in the east have an average trend 
from southeast to northwest. Further north, dunes of the 
Great Sandy Desert trend from east to west 
(Fig. 1.3.1) .
The dunefields studied in this thesis are limited to 
the area within the Amadeus Lowland, north to the George 
Gill Range, about 70 km from the playa, and south to the 
Mt. Olgas and Ayers Rock, about 50 km away. The quartz 
sand dunefields in this region can be sub-divided into two 
zones. Gypseous dunes around the playa are a different 
group as described below.
In the area north of the playa, many parallel linear 
dunes maintain a northeast to southwest orientation (Fig. 
2.1.1) . Examined on air photos, a single linear dune can 
extend beyond 5 km while some dunes join like a tuning 
fork resembling the linear dunes described by Mabbutt 
(1968). Most dunes, especially on slopes and along 
interdune corridors are well vegetated although some 
crests, free of vegetation, remain mobile.
South of the playa, most dunes are arcuate, shorter 
and irregular in direction. Some coalesce to form
29
i S o’7 r'SZ  VN' ' \ l' \ Ks NV'# v
'$v ^ \r k
:'€>
\Vv0 ^ '" •AK'^V" vS \' v\ \/ A'V \^ N\ V 1 'V \
4; fyh
c#
n ,.'\ v\ - \e ; i ^ ® 2 ' & '  .v]
' V 7 S  ^ <?
^  #  WX*f '%& £&• ■ s/v*^ &' w.' ,v '
.» •«*.
) ’ \ '
'•■< ','>r,^  '4 • - / - • 0'y .2
u X// > 4  y-J 
V7./V */l
r\\!^U>7;^  i-
'■'4C(lV^rvS^(
? ?r-S-'-S •'J -'-' V.«. :.- Sc
^ r W  V - V ’
«s$? J y - .
S  N 2 3 1 %  r ■>s ''x'\ / ä ’ 7 & S
• ;’ '', •'■'' ,NV- ' ' ’■' < 'v a<: t*4» 4%)C S', , SspSluv .
- #  1 # ^ #  - '•'4^.;: v .7 ^r $3? /v «\vj i v ^v . .v, • „•
Ä, ®r / )jp§& - ^  ^  \ v vY'r), Jf-'kß ": , ^\) s ü >  S , ^ s S 4 >
 ^Ir tä \i
•. s.
^*s ** ’' ^ ^ } v r ^s^ j  r #':i%y4iV^ ’v(Nl
.•/ /;r.m; o  J & s
V ^ i-C iW  W',1 S ' \ ^ W v , i l'o > 1'',' ‘ rvf> 4&Jf ’S ui fl
SK.V'’,' , ;*A 'V  . f  A  y - y . ^  // ,«  ,s
Fi
g.
 
2.
1.
1,
 
Ge
om
or
ph
ic
 m
ap
 o
f 
Am
ad
eu
s 
pl
ay
a 
re
gi
on
.
30
irregular closed polygons (Fig. 2.1.1) . Such dunes are 
entirely fixed by vegetation. Their colour is red to dark 
red due to quartz grains carrying coatings of red clay 
(ferri-argillans) .
Calcrete is a widely distributed feature often 
underlying dunes throughout the region. The boundary of 
its extent is difficult to define beneath the sand cover. 
However, in the vicinity of the playa it gives way to 
gypcrete. On air photos, calcrete extends on both sides 
of the playa; it is particularly well developed along 
ancient and modern ephemeral drainage lines.
The calcrete, with a groundwater genesis (Jacobson, et. 
al., 1988), often occurs horizontally. The highway
leading to Ayers Rock cuts through many sand dunes which 
often overlie a horizontal calcrete layer. Because the 
hard calcrete is resistant to deflation and erosion, in 
some sites it occurs as slightly elevated mounds or ridges 
with gentle slopes, resulting in reversal of relief. Its 
surface often shows effects of degradation with fractures 
and a lag cover of stones and gravel fragments of 
underlying material.
2.1.2 GYPSEOUS DUNES
Approaching the playa, quartz dunes give way to 
gypseous types. These dunes occur in a zone marginal to 
the playa, thus distinctively outlining the playa system 
among the regional dunefields (Fig. 2.1.1) . Their 
orientation remains remarkably parallel to the playa
31
margins, no matter how irregularly that margin varies in 
directions. These gypseous dunes are characterized by 
gypsum-cemented zones (gypcrete) forming surfaces which 
are hard and resistant to deflation. Beneath the gypcrete 
horizons, the parent materials consist of gypsum sand and 
quartz sand in varying ratios. Detailed sedimentary 
features and genesis are presented in 6.3.
Dunes height ranges from several metres to above 10m. 
The gypcrete crust is often mantled by quartz sands, 
giving the apparence of quartz dunes (Fig.2.1.2). Most 
are fixed by vegetation although a few retain mobile 
crests, especially when height extends 8 to 10 metres. 
These crests move back and forth with changes in wind 
direction. Because the slopes remain well vegetated, 
crestal movement results in wider and lower dunes by 
transporting sand from crest to slope with no change in 
overall dune orientation. In this area adjacent to the 
playa, sand grains have colours ranging from reddish 
yellow to yellowish red. In a general sense, the dunes 
are more mobile and their colour is lighter, closer to the 
playa. This quartz layer is sometime deflated exposing 
the gypcrete core beneath (Fig. 2.1.2; Plate 2.1.1).
Because of the resistance of the gypcrete, the 
gypseous dunes are stable features. They exist close to 
the playa margins, sometimes adjoining the playa but more 
often separated from it by a marginal terrace. Gypseous 
dunes also exist surrounding some ancient playas and
32
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Plate 2 .1 .1 ,  Gypcrete exposed on cre3t of gypseous dune along the southern piaya margin. 
The upper quartz 3and mantle is mobile.
Plate 2 .1 .2 ,  A dune island in the playa, shoving tvo to three parallel rings of dunes.
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associated channels, now colonized by chenopod vegetation.
Because the gypseous dunes are often mantled by quartz 
sand, they cannot always be recognized from air-photcs nor 
even in field. However, they are believed to be absent 
from some sections of the playa margins where quartz dunes 
and ancient red soils sometimes occur.
On islands within the playa, a second ring of gypseous 
dune often exists, parallel to the margins (Plate 2.1.2; 
Fig. 2.2.5; Fig. 2.2.8). Along the outer margin of the 
playa, a second ring of gypseous dune can be identified at 
several sites, eg. at the site of south terrace section 
(No. 4, Fig. 1.6.1) and as shown in Fig. 2.2.8). A second 
ring of quartz dune extends along most playa margins. 
However, these dunes are often lower and better vegetated 
without exposed gypcrete; the existence of gypcrete crust 
beneath the quartz sand is possible but remains unverified 
in the absence of exposures.
2.2 PLAYA FEATURES
2.2.1 SHAPE AND OUTLINE
Lake Amadeus has a linear shape, about 120 km long and 
10 to 12 km wide in central part. The long axis paralles 
the regional structural trends (1.3), reflecting the basic 
geological controls. Although the general shape is 
elongate, the playa outline is highly irregular, a feature 
reflected both by playa margins and also by the numerous
35
islands and smaller playas within and adjacent to the main 
piaya (Fig 2.2.2).
Some marginal indentations may reflect ancient 
drainage lines (Fig. 2.2.2). These may be inherited from 
an earlier wet period. However, even after heavy rain 
today (such as 25 mm/day) no significant flow occurs in 
the "drainage channels". By contrast, many of the small 
playas scattered in the adjacent area have smooth arcuate 
outlines and are often surrounded by gypseous dunes, 
sometime forming two rings. These features indicate a 
long history of separation from the main piaya. In one 
example (Fig. 2.2.3) a piaya with irregular outline is 
related to ancient drainage traces. Several pits exposed 
a layer of coarse sands and small gravels underlying piaya 
sediments, whic are regarded as alluvial origin. This 
piaya therefore was once connected with the main piaya as 
part of an inflow channel. Later dune construction 
diminished surface water flow and isolated it, forming a 
separated piaya.
Some smaller playas have even more irregular margins 
(Fig. 2.2.4). The surrounding sand dunes and gypseous 
dunes are often oblique to the margins. Cliffs are often 
formed in gypseous dunes along the margins. These 
features suggest the piaya originated and expanded along 
lowlands and swales among dunes, like water submerging 
depressions in the dunefields.
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I"2=J S a n d  dune  and K v . ' l  S a n d  plain
g y p s e o u s  dun e
h*J B e d  ro c k I / .  . I T e r r a c e  (or sa m p h ir e  land)
0  1 2 kmi
Fig. 2.2.4, A small highly irregular playa to which the
marginal dunes are oblique, showing a pattern of the 
dunefields being encroched on or "etched out" by
playa expansion, (for location, see B in Fig.2.2.2).
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2.2.2 ISLANDS
There are two types of islands, termed here as dune 
(or large) islands and terrace (or small) islands. Most 
islands belong to the former, with a landscape resembling 
that of the dunefields. The latter have a low, flat 
surface colonized by saltbush, resembling the marginal 
terraces.
Dune islands
Dune islands vary in size, from tens of metres up to 
several kilometres in diameter. The height ranges from 
several metres to above 10m. Most have smooth, regular 
and arcuate outlines, although a few are irregular. The 
plan outline of the islands shows a degree of orientation, 
with a more convex margin in southeast sides and concave 
outline in the northwest sides (Fig. 2.2.5), suggesting 
controlling wind from southeast.
Sand dunes, most of which can be identified to be 
gypseous dunes covered by pedogenic quartz sand mant-les, 
are well developed on the islands. These dunes, like 
those on the land margins, are parallel to the island 
margins. Two to three rings of gypseous dunes can often 
be recognized (Fig 2.2.5) representing successive growth 
phases. Small playas exist in the swales between the dune 
crests in some islands. The colour of the dune sands 
often changes from darker (yellowish red to red) for the 
dunes in the centre to lighter (reddish yellow) on the 
margins, suggesting significant age differences.
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The dunes are mostly fixed by vegetation although some 
crests are mobile.
Most dune islands have a terrace around the margin, 
varying in width from a few metres to tens of metres.
This terrace shows features similar to those along the 
land margins (for details of terrace see 2.2.3). The 
terrace is absent at some sites, especially where dune 
slope merges with the piaya floor or when low cliffs are 
developed. One locality, Cliff Island, is unique in the 
piaya (location: Fig. 2.2.5); it is cliffed on all sides. 
The margins (or foot of the cliff), are mantled by thin 
colluvium, and terracing is absent.
Terrace islands
Only a few of these terrace islands occur in the 
piaya, mainly in the area adjacent to section 2 (Fig. 
2.2.6, Plate 2.2.4) within the gypsum-ground, a surface 
type described later. They are characterized by a very 
low and flat surface only tens of centimetres above the 
surrounding piaya surface. The size varies from several 
metres up to hundreds of metres diameter. Three terrace 
islands in surveyed cross-sections rise to the same 
altitude as that of the marginal terraces surrounding dune 
islands (Fig 2.2.7). The relationships between the 
marginal dunes, terrace and terrace islands are presented 
in chapters 4 and 6 (Fig. 4.3.1).
The flat island surface consists of a layer of weakly 
developed gypcrete, overlying pure, white gypsum sand.
This sequence is entirely different from that in the
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surrounding playa (sedimentary features are presented in 
chapter 6.3). The boundary between these islands and the 
surrounding gypsum-ground is often transitional (Plate 
2.2.1) . The islands are all colonized by saltbush 
(samphire) similar to the marginal terraces (described 
later).
Because of similarities in topography, vegetation and 
sedimentary features between these islands and the 
marginal terraces (see 2.2.3), the term "terrace island" 
is used. However they share a common origin as described 
later (chapter 6.3).
2.2.3 MARGINAL TERRACES
A terrace belt exists along the playa margins and dune 
islands. The width of the terrace varies from hundreds 
even thousands of metres down to several metres. However, 
the terrace is absent from about 20 to 30 % of the total 
playa margins. Fig. 2.2.8 shows a site where such 
terrace has been well preserved, but almost absent along 
the opposite side of the playa margin, except for a few 
traces. The terrace is characterized by its flat 
topography, with a slope often less than 0.5m over 100m. 
The terrace often stands 40 - 100 cm above the adjacent 
playa surface. A surveyed cross-section is shown in 
Chapter 4 (Fig 4.3.1).
The terrace surface often consists of weakly developed 
gypcrete, less cemented, more porous and with more quartz 
sand than the gypcrete on adjacent dune
45
Plate 2 .2 .1 , A terrace island in the gypsum ground, showing low topography, 3alt bush 
cover and transitional margin.
Plate 2 .2 .2 ,  Salt-bu3h (samphire) 
on the marginal terrace, changing 
to high bushes of dunefields in far 
distance. The flat and gyp3eou3 
terrace surface i 3  visible in close 
and middle distance.
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slopes. The gypcrete is underlain by mixed sediments of 
gypsum sand and clayey quartz sand. Large gypsum crystals 
often occur at the watertable. Detailed sedimentary 
features, together with the stratigraphy, are presented in 
chapter 6.
The terrace is distinguished by a special vegetation 
association. This consists of salt-tolerant (samphire) 
plants as: Scaevala, Sclerolaena, Selenothamnus and 
Frankenia (Luly, pers. comm.), which are all low shrubs or 
grasses. This vegetation distinguishes the terrace not 
only from the bare playa surfaces but from the dunefields 
and sandplain. These latter are colonized by different 
vegetation including trees and shrubs (Plate 2.2.2) .
Fig 2.2.9 shows watertable and groundwater salinity 
measured at terraces and other sites colonized by the 
salt-bush association. Data from 3 zones are plotted, one 
in the middle of the salt-bush zone, one at the upper 
boundary towards the dunefields and one at the lower 
boundary towards the bare playa surface. Groundwater 
salinities of the 3 zones overlap, ranging widely from 60 
to 260 g/1, but watertable depths are different. The 
watertable ranges often from 80 to 140 cm in the middle 
samphire zone, from 50 to 80 cm at the lower boundary and 
from 140 to 200 cm at the upper boundary (Fig. 2.2.9).
The plants can tolerate a wide range of groundwater 
salinity but are constrained where the watertable is 
either too high or too low. In the playa and the adjacent 
area, samphire can grow wherever the watertable
WATERTABLE
DEPTH (cm) LAND SURFACE
4 0  -
■ «
8 0  - ------------------- ---------------------------------- ------------■ + „ ■ _ ,  -  -----------" ------ ----- -
♦  + ++ ++ +
1 2 0  - + + + + +
----- _ + _ a _ ++++_ + _ n _ _ — _
1 6 0  - □ UPPER MARGIN □
□
2 0 0  -
□ m  CENTRAL SAMPHIRE LAND +
LOVER MARGIN ■
40 80 120 160 200  240
SALINITY (g /1)
Fig. 2 .2 .9 ,  Groundwater salinity and watertable beneath samphire land, in central zone, 
at upper boundary (towards dune slope) and at lower boundary (towards 
playa), showing controlling effect of watertable.
49
lies within the critical range, on the marginal terrace, 
terrace islands and the ancient playas. The term 
"samphire land" may be used to refer to all the sites with 
these distinctive vegetation characteristics.
With an almost impermeable gypcrete on top, the 
terrace after rain produces local runoff, which 
contributes to the playa. Fig 2.2.8 shows a site where a 
wide terrace is associated with more surface water erosion 
in the adjacent playa. Some eroded scars and channels 
have incised to 1 m deep on the playa surface. Such 
features are rare in other parts of the playa.
2.2.4 MORPHOLOGIC UNITS OF THE PLAYA SURFACE
In terms of crustal features, subsurface sediments and 
the relationships to the watertable, the playa surface can 
be divided into three types (Table 2.2.1), Gypsum-ground, 
Sulphide Lowland and Salt-flat. These 3
TYPE CRUST FEATURE SUBSURFACE SEDIMENT W.T. DEPTH (cm)
Gypsum thick (5 cm) gypsum crystals and often
ground rough & brown clastic bands 30 to 40
Sulphide sulphide layer, gypsum crystals shallower
lowland moist & smooth and mud than 30
Salt flat thin (1 cm), smooth clastic (sand & clay) often deeper
and often white with minor gypsum than 40
Table 2.2.1, Classification of the playa surface morphology and sediment types.
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surface types can be identified easily from air-photos by 
their special colours, white for the salt-fiat, black (or 
dark grey) for the sulphide lowland and brown for the 
gypsum-ground. They have also different hydrological 
responses to rainfall because of small but significant 
differences in relief. Transient surface water often 
appears in the sulphide lowland, occasionally in part of 
the salt-flat but has never been observed in the gypsum- 
ground.
Sections A-A and B-B (Fig. 2.2.7) are typical of 
relative levels of the three surface types. The gypsum- 
ground is about 20 cm (min. 10, max. 30 cm) higher than 
the adjacent salt-flat. The sulphide lowland is the 
lowest part, being 10 to 30 cm lower than the adjacent 
salt-flat and from 30 to 50 cm lower than the gypsum- 
ground .
The gypsum-ground has a total area about 100 km^, 
nearly 1/7 of the main playa area. Of the remainder, 
almost all belongs to the salt-flat, with only about 10 
km^ as sulphide lowland.
Gypsum-ground
The gypsum-ground occurs close to the center of wider 
parts of the playa (Fig. 2.1.1). It is characterized by 
its brown, rough and undulating surface which resembles a 
ploughed field (Plate 2.2.3). The crust thickness changes 
irregularly from 2 to 5 cm, accentuating the surface 
roughness. The surface undulates with an amplitude of 10 
to 20 cm, forming many crests and troughs which make a
51
Plate 2 .2 .3 ,  Gyp3um ground of the 
playa, showing brown, rough and 
undulating surface.
Plate 2 .2 .4 ,  Aerial view of gypsum-ground, showing orientations of ridge3. Note also the 
terrace i3land3.
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travelling by vehicle like "riding across waves at sea”. 
The wave length ranges from several metres to 20 m. On 
air-photos, the ridges are often highly oriented, but the 
direction and regularity vary through the gypsum-ground 
(Plate 2.2.4). The crust is soft when wet but hard when 
dry. Moisture content of the crust is highly variable; 
the variation is often expresed as an irregular pattern of 
darker coloured wet patches interspersed among lighter 
coloured dry areas.
The subsurface sediments consist of gypsum crystals 
with clastic bands. These sediments are loosely packed 
and highly porous as indicated by the low unit weight 
(Chapter 4, Fig.4.2.7). Detailed sedimentary features are 
presented in chapter 4. The watertable is stable and 
often within the range of 30 to 50 cm. More detail is 
provided in chapter 3. In general, the crustal, 
sedimentary and groundwater relationships are consistent 
throughout the whole gypsum-ground.
Sulphide lowland
The sulphide lowland occurs mostly as narrow belts 
along the gypsum-ground margins (Fig. 2.2.6), up to 
hundred metres wide. It is distinguished by its low 
relief and its smooth, moist and boggy surface (Plate 
2.2.5). A person's foot will sink several centimetres 
into the "black mud" which is a relatively thin sulphide 
layer, often only 1 cm thick. With its low relief and low 
elevation, water often lies on this surface for a short 
period after heavy rains. The depth to watertable
53
Plate 2 .2 .5 ,  Sulphide lowland 
of the playa, showing smooth 
surface, top sulphide layer and 
high watertable.
" it*
• *
Plate 2 .2 .6 ,  Salt flat of the playa,
showing smooth surface, white 
and th in  crust, and reddish sub­
surface 3edi ments.
54
is often less than 30 cm; at some sites it is within 10 cm 
of the surface. Beneath the top sulphide layer, gypsum 
and sandy clay are common.
Throughout its limited area (10 km^), the sulphide 
lowland is distributed mainly as a transitional zone 
between the gypsum-ground and the salt-flat (Fig. 2.2.6).
Salt-flat
The salt-flat occupies most of the piaya surface. It 
is usually smooth with a white efflorecent, mainly halite 
crust less than 1 cm thick (Plate 2.2.6). The sub-surface 
sediments are often red clayey sand, sandy clay or clay, 
with some gypsum crystals within the top several 
centimetres. The watertable beneath varies but usually 
remains below 40 cm. Because of the strong capillary 
effect of the fine sediments, the moisture content of the 
surface remains high (Chapter 4, Fig. 4.2.7) .
Over its large extent (>84% of total piaya area), the 
surface features vary spatially and through time. Close 
to the piaya margin, the crust is often thinner and the 
surface sediments are more sandy, probably an effect of 
wind and water transport from shore. In the central area, 
especially close to the gypsum-ground, where sub-surface 
sediments contain more gypsum, the crust is often thicker, 
up to 2 cm. Hollow buckles and polygons often develop 
here. Heavy rains dissolve and leach the salts 
accumulated in the crust; the white colour may totally 
disappear. The surface becomes smooth and pink in colour 
because of the underlying reddish sediments. Thereafter,
salt crust re-develops, the colour turns white again, and 
buckles and minor polygons may redevelop.
55
2.2.5 ADDITIONAL FORMS
Besides the three main surface types, other surface 
features are present, distinctive in character but limited 
in dimension.
In the area close to Section 1, some concealed springs 
are displayed on the playa surface as circular features, 
from 1 to 10 m in diameter. Some rise slightly up to 20 
cm above the surrounding playa surface, and the sub­
surface sediments are cemented by gypsum and carbonate, 
very different from the surrounding playa sediments. The 
watertable beneath the springs is higher although salinity 
is significantly lower than that of the playa nearby. At 
least 5 such springs have been found.
An inactive mound spring is located on a small island, 
about 1.5 km east of the section 1. The mound, about 20 m 
in diameter and 2 m higher than the surrounding playa 
surface, is firmly indurated. It consists mainly of 
carbonate (62%) and silica (25%), with minor gypsum and 
sesquioxides. There is no sign of modern spring activity.
Minor surface water erosion features, scars and 
diminutive channels, exist especially in the terrace area 
described earlier (Fig. 2.2.8).
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2.3 SUMMARY —  GEOMORPHOLOGIC PROCESSES
2.3.1 AEOLIAN ACTIVITY
Deflation from the modern playa surfaces is limited 
under present conditions but has clearly played a major 
role in times past. Surfaces are often moist; the 
efflorescent crusts are devoid of furrows or other 
deflation traces. The dry crusts in the gypsum-ground are 
hard and difficult to break by hand. Little crumb or 
powder is available for deflation from the crust. During 
strong winds, when sand was moving and the air was dusty 
on the land, little dust reached the central playa, even 
though the wind velocity there is stronger than on land.
However, some limited deflation does affect the playa. 
Whirlwinds demonstrated by white dust (powdery salts ?) 
developed as columns above the playa surface from time to 
time. At a site east of the section 1, a layer of light 
grey quartz sand covers the terrace margin (Plate 2.3.1). 
This is derived from the adjacent playa surface by wind. 
This type of playa surface, dry and mantled by loose sand 
instead of salt crust, is limited to a narrow zone along 
the playa edge slope where the watertable is deeper than 1 
m, beyond the capillary range.
The effects of wind on the modern dunes are generally 
limited. The dunefields distant from the playa are 
basically fixed by vegetation. The dunes along the playa 
margins sometimes have mobile crests but seldom do any
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Plate 2.3.1, Shoreline of white sand blown from the nearby playa surface.
dunes advance to the playa or over the flat terraces. As 
the dune slopes are more stable than the crests, because 
of vegetation, sand movement often results in lower but: 
broader dunes, exposing gypseous dunes beneath (Plate 
2.1.1; Fig. 2.1.2). On the southern side of the playa, 
minor dune movement from E to W is demonstrated by sand 
piled at western tips of shoreline dunes. At several 
island sites, dunes have migrated westward onto the playa 
surface.
2.3.2 SURFACE WATER EFFECTS
Surface water affecting the playa is derived from 
direct rainfall on the playa surface and runoff from the
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marginal terraces. The dunefields can hardly produce 
runoff even during heavy rains. However, during heavy 
rains, small transient runoff may appear along the 
marginal zone where the terrace surface, indurated by an 
almost impermeable gypcrete, provides effective runoff. 
This causes minor erosion forming small gullies cutting 
into the terrace, and forming scars and small channels on 
the plava surface (Fig. 2.2.8) . These features are 
restricted to the sites where wide terraces have been 
preserved; they do not affect the main body of the piaya. 
Although this marginal runoff transports minor loose 
elastics from the terrace and dune slopes into the piaya 
margin, the quantity involved is too small to form 
significant sedimentary landforms.
After heavy rains, surface water may lie on the 
surface for days in a small part of the piaya, mainly in 
the sulphide lowland. As the water drys and retreats, 
several rings of sand ripples, up to 1 or 2 cm high, may 
form. These disappear quickly as salt crust later 
develops. Except for such ripples, no wave-formed shore 
lines, modern or ancient, exist in the piaya system.
In general, the minor surface water rarely sculptures 
or modifies landforms by direct erosion and 
transportation. However, rainfall does dissolve the salt 
crust leaching soluble materials down to the watertable. 
This process inhibits any substantial salt accumulation on 
the piaya surface (further discussed in Chapter 5).
2.3.3 Groundwater Effects
Groundwater processes are most important factors 
controlling landform development over an extensive area. 
They often remain subtle in their expression.
Groundwater seldom causes direct erosion and 
deposition in the modern playa. Groundwater seepage zones 
around the playa margins, the most prominent sites for 
erosion, are poorly developed by comparison with many 
playas in south Australia such as Lake Frome or Lake 
Tyrrell. Except for several locations, the lateral 
continuity of the marginal terrace with the adjacent 
gypseous dunes indicate that the highly irregular playa 
margins are of long-standing, affected little by the 
groundwater-induced erosion bevelling process described by 
Bowler (1986).
Groundwater bevelling might have been more active 
during some past periods. At several sites, eg. a site 
shown in Fig. 2.2.8, gypseous dunes and terrace are 
absent; landward margins show erosional features which may 
have resulted partly from past groundwater bevelling 
although erosion by surface water has also been 
significant. At some sites, especially east of section 1, 
ancient sediments occur only several to several tens 
centimetres below the playa surface. This probably 
indicates a process of playa etching or lateral expansion 
across the land by a groundwater bevelling process 
(discussed further in chapter 8.3).
Watertable exerts the major control on the landform 
processes. Groundwater moves up to the playa surface by 
capillary processes where the concentrated solutes form 
surface crusts. These inhibit both vegetation 
colonization and deflation. This constitutes the basic 
process responsible for the existance and morphology of 
the playa. The limits and zonation of salt-tolerant 
vegetation are controlled by depth and salinity of the 
watertable. Moreover, the surface morphology or the 
crustal features themselves are essentially determined by 
evaporite formatiom, which in turn is dependant here on 
groundwater depth and salinity.
Through the Pleistocene, by comparison with modern 
stability, the playa was probably experienced major 
periods of deflation, related to substantial changes in 
the watertable. This is interpreted and discussed in 
chapters 6 and 8. The interaction of subsurface sediments 
and groundwater is presented in chapters 3 and 4.
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CHAPTER THREE - HYDROLOGIC PROCESSES OF THE MODERN PLAYA
3.1 SUMMARY OF THE REGIONAL HYDROLOGY
Hydrologic investigations in the Amadeus Basin began 
in the 1920s'. Early investigations were directed towards 
the use of groundwater for pastoral pursuits and 
settlement, with hydrologic data gathered from the records 
of water bores. By 1966, records from 1,427 water bores 
and wells were available. This data was summarized by 
Jones and Quinlan (1962), Wooley and Quinlan (1970), and 
more recently by MacQueen and Knott (1982).
Based on the records of water bores, oil drilling, and 
on geological data for the basin, Lloyd and Jacobson 
(1987) made a regional hydrogeological appraisal of the 
basin by examining the regional groundwater head 
relationships, flow directions and hydraulic inter­
continuity between the various aquifer units. Such 
aspects for the area around Lake Amadeus was summarized by 
Jacobson (1988), where relatively less data is available. 
The closest water bores to the playa are located near 
Curtin Springs and Ayers Rock , about 100 km to the south.
The basin can be divided into two hydro-geologic 
regions (Lloyd and Jacobson, 1987): a region of broad 
folding, where three sandstone aquifers are identified, 
and secondly, a region of intense folding and fracturing, 
where a fractured aquifer provides the main hydrologic 
system. The latter can be divided again into two 
parts: the south east groundwater system, and the Amadeus
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internal drainage system. This latter division is based 
on data for groundwater heads of the fractured aquifer 
(Fig. 3.1.1). In this figure, the 475 m groundwater 
contour indicates a possible divide in groundwater 
movement just east of Lake Amadeus. Jacobson (1988) 
developed a two-layer, unconfined aquifer model for the 
groundwater flow of the Lake Amadeus Basin. This is 
presented in Fig. 3.1.2. In this cross-section Jacobson 
(1988) has delineated groundwater flows towards the playa 
through both the Cainozoic sediments and fractures in 
the underlying Proterozoic bedrock. His simplified model 
is based on data of groundwater heads in piezometers and 
water bores in the area. The Cainozoic sediments and the 
underlying bedrock were treated as a continuous aquifer 
but with different transmissivity and permeability values 
(Jacobson, 1988). Insufficient data for the vicinity of 
the playa limits any detailed understanding of the aquifer 
and groundwater behaviour beneath the playa surface. On 
this scale the actual situation is likely to be more 
complicated. For example, some spring activity observed 
on the playa may indicate the existance of confined 
aquifers beneath the playa surface.
Regional recharge to the fractured aquifer and the 
overlying Cainozoic aquifer occurs by two mechanisms 
(Jones and Quinlan, 1962):
i) Infiltration from terminal streams flowing from the 
ranges situated to the north and south, 
ii) Infiltration of rainfall through sand dunes and 
calcrete, as suggested by the close relationship
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between groundwater heads and topography.
The amount of surface water drainage to the piaya is 
very small, and could be considered negligible. The basin 
morphology, as described in Chapter 2, is now masked by 
dune cover which obscures earlier drainage lines, making 
it difficult to clearly delineate the extent of the former 
catchment area. The present area of rainfall catchment 
and runoff is confined by dune topography to a narrow 
margin surrounding the piaya.
Direct rainfall is the only significant component of 
surface recharge to the Lake Amadeus piaya. The piaya is 
often totally dry, and when occassional heavy rainfall 
occurs, it results in a temporary, shallow surface-water 
cover which occupies only a small portion of the total 
piaya surface. It generally remains for only a short 
period. Jacobson (1988) observed that about 5% of the 
piaya surface was inundated after 25mm of rainfall over a 
24 hours period in 1985, and 10% of the piaya surface was 
flooded after 50mm in July of 1986. A rainfall event of 
25mm within a 24 hour period may occur on average about 
twice a year, and an event of 50mm within a 24 hour period 
may occur only once a year (Jacobson, 1988) . The author 
recorded rainfall of 24mm within a period of 20 hours in 
1986. Surface water from this event covered only small 
depressions in the piaya surface and disappeared within 6 
days.
To summarize briefly:
a) The unconfined aquifer in the area around the piaya
66
is made up of two separate units: Cainozoic 
sediments which are at least 60 m thick in the playa 
area, and the underlying, fractured Proterozoic 
basement rocks. Groundwater flow towards Lake 
Amadeus takes place through both aquifers.
b) The modern playa is both the terminal for surface 
drainage, and serves as focus for a convergent 
groundwater-flow system in the Cainozoic and 
Proterozoic aquifers.
c) The playa receives surface water recharge mainly 
from direct rainfall catchment. Surface drainage to 
the playa is less important.
3.2 PLAYA WATERTABLE
The depth of the watertable beneath the playa surface 
is an essential determinant of the hydraulic profile in 
the vadose zone. In this context, its position affects 
the geomorphology of the playa surface. The longer-term 
stability of the watertable determines the response o'f 
surface processes, such as deflation and vegetation 
colonization, to changes of climate. To gain insight into 
such relationships, watertable positions were measured 
during the three year period of field observations, both 
from piezometers (accuracy to 1 cm), and from shallow pits 
on the playa surface (accuracy
1 - 2  cm). The locations of these sites are shown in Fig.
1.6.2 .
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3.2.1 DIURNAL FLUCTUATIONS
Watertable positions in more than 10 piezometers and 
pits variously located within the three geomorphic zones 
on the playa surface, and on the surrounding terrace, were 
measured repeatedly at different times during the same day 
from 9am to 4pm. At more than half of these sites there 
was no detectable change, while watertable levels in the 
others changed by only 1cm or less. One piezometer 
recorded a change of 2 cms. Except for periods after 
rain, the day-to-day wTatertable change in other regularly 
measured sites was commonly 1 cm or less, and rarely above 
2 cm, regardless of the time of day. The variations were 
all within the error margins for measurement ( 1 - 2  cm).
Jacobson (1988) measured a diurnal watertable 
variation in Lake Amadeus up to several centimetres in 
amplitude, with a high watertable stand at 11 am and a low 
watertable stand near 5 pm. The observations came from 
one watertable monitor installed on the playa at the 
southern end of Section 1 (Fig. 1.6.1), about 30 m -from 
the marginal terrace. Although this observation initially 
appeared to be somewhat contradictory to those of this 
study, several factors may well explain the difference. 
Jacobson's observations were sited in a narrow zone near 
the playa margin, where field observations indicate that 
watertable changes are more sensitive than elsewhere to 
the effects of rainfall recharge. For example, on the 
morning of 15th Sept. 1984, the watertable of this narrow 
zone (about 10 m wide), rose to the surface following a
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shower of rain (>10 mm). The watertable on either side of 
this zone remained at 10-50 cm depth.
Macumber (1983) has observed diurnal watertable 
fluctuations beneath the dry surfaces of playas in 
southeastern Australia. The amplitude of such 
fluctuations may vary considerably; normally it -is the 
order of several centimetres, but may be as low as 1cm. 
Fluctuations have been observed to cease, especially in 
winter.
Two possible explanations for the difference in 
observations are suggested here:
i) The watertable appears to be sensitive to influences 
such as local recharge and different subsurface sediment 
textures, resulting in rapid fluctuations in the 
watertable position at specific locations or marginal 
zones around the playa. The reasons for such sensitivity 
are not as yet understood.
ii) The amplitude of watertable fluctuations changes 
through time, increasing towards summer. The author's 
measurement were taken mainly during winter (July, Aug., 
Sept, and Oct.) but Jacobson's observation were made in 
November.
Because the diurnal variation of the watertable 
observed by the author at Lake Amadeus is only about 1cm, 
and is within the margin of measurement accuracy, such 
variations will be neglected in the following sections.
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3.2.2 VARIATIONS IN WATERTABLE POSITION AS A RESULT OF 
RAINFALL
Watertable position varies significantly in response 
to rainfall on both short and long time scales. Responses 
which are specific to each of the three different playa- 
surface zones vary according to the timescale involved.
Fig. 3.2.1 shows changes in the position of the 
watertable at three sites located in the gypsum ground 
(EV7), the sulphide lowland (EV8), and the salt flat 
(EV9). During the period 30/9/86 - 30/10/86, three 
rainfall events were recorded in the field. In general, 
watertable rose immediately after rainfall and retreated 
quickly within the following one or two days, to be later 
followed by a much slower withdrawal. The watertable 
position beneath the gypsum ground is the least responsive 
to rainfall recharge. It showed no rise after the 5 mm 
rain of 1st of October, and it retreated at a much slower 
rate than the other two sites after the 24 mm rainfall of 
21st Oct.
The rapid response of playa watertables to short 
periods of rainfall lasting for several days suggested 
that there may well be a longer-term response to periods 
of seasonal rainfall lasting for several months. Recorded 
rainfall for 1983 to 1986 (averaged from 6 nearby 
stations) is plotted (Fig. 3.2.2) with the seasonal excess 
or deficit in that rainfall over the mean annual rainfall, 
to determine seasonally-wet from seasonally-dry periods.
An excess of seasonal rainfall over the long-term mean
Groundwater
density
1.200 -  
1.160 -
_____________________________________ Ev9
\  -  Ev8
—  '
Depth to 
W atertable
(cm)
Playa surface
-  - Ev8 (Sulphide lowland)
Ev9 (Salt flat)
Ev7 (Gypsum ground)
9 mm rain5 mm rain 24 mm rain
Oct.1986
Fig. 3.2.1, Variation in the position of the watertable 
and groundwater density at 3 sites on the piaya 
during October 1986.
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rainfall occurred from Sept. 1983 to Jan. 1984, and from 
June to Oct. 1986. Seasonal deficits which indicate 
extended dry periods occurred throughout most of 1984,
1985 and the first half of 1986.
Unfortunately only three sets of watertable position 
measurements are available to be plotted against seasonal 
rainfall. Based on this data, the initial indication is 
that the watertable of all sites was lower during the dry 
season of 1985 and rose in 1986, reflecting the wetter 
season. The watertable of the salt flat appears to be the 
most sensitive to rainfall recharge. It is recognized by 
the author that the limited data on watertable position 
could not fully substantiate these initial conclusions, 
and they must be considered as a preliminary indication of 
likely long-term watertable response. Further 
measurements are needed.
The watertable change in immediate response to 
rainfall may well result from two combined mechanisms:
- rainwater recharge to the watertable by downward 
percolation,
- lower barometric pressures which often accompany 
rainfall in this region.
However, these mechanisms have not been investigated in 
this project. A detailed discussion on this topic can be 
found in Macumber (1983). Long term watertable changes in 
response to seasonal variation in rainfall may result from 
a more complex balance in water budgets betv/een rainfall 
and groundwater recharge, and evaporation and groundwater
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discharge from the playa basin. Investigation of these 
aspects is beyond the scope of this project.
Despite the lack of knowledge on watertable response 
mechanisms to rainfall, field observations suggest that 
differences in sediment texture and lithology for the 
three types of playa surface may be a major factor. 
Subsurface sediments of the gypsum ground have lower water 
contents and much higher porosities (Fig. 4.2.1), allowing 
them to absorb more recharge water without any significant 
rise of the watertable. The clayey sediments of the other 
two types of surfaces have significantly higher moisture 
contents and lower porosities, so that similar amounts of 
recharge rainwater may cause a more rapid rise in 
watertables.
3.2.3 DEPTH VARIATIONS
Initial observations indicated that the elevation of 
the watertable varied across the expanse of the playa, 
depending on the type of playa surface. In order to 
better measure this variation, the elevation of the 
watertable was surveyed along the two transects shown in 
Fig. 3.2.3. The response of the watertable to both 
rainfall and dry periods was documented over a two-year 
period.
A surveyed section across the playa ,(A-A' in Fig. 
3.2.3) shows the relationships between topography and 
the watertable during the fieldwork periods of 1984 and 
1986. In 1984 the watertable generally followed the
Metros above 
sea level
459.0 -
458.0 -
457.0 -
Section AA
\Gypseous dunes
Salt flat
Terrace
Gypsum ground
0 400 800 m
1 _________ I________ _ j
Section BB
Metres above 
sea level
460.0
459.0 -
458.0
457.0 -I
Water table after 24 mm rain, (22/10/86)
Fig. 3.2.3, Watertable position across the Lake Amadeus playa (locations
see Fig. 3.3.2).
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topography, i.e. higher beneath the gypsum ground than 
beneath the salt flat. By comparison in October of 1986, 
after the surplus rainfall in June and July, this height 
difference almost disappeared, because of the rise of 
the watertable beneath the salt flat. Moreover, after 
the 24 mm rainfall of October 21st, the watertable beneath 
the salt flat rose above that of the gypsum ground, 
reflecting the difference in their responses to rainfall 
recharge. The same processes are illustrated more 
clearly by section B-B' in Fig. 3.2.3, which shows a 
surveyed section across the marginal terrace and part of 
the playa.
In general, field observations of watertable position 
in relation to playa surface topography, and in response 
to rainfall recharge can be summarized by the following 
points.
1) Beneath the marginal terrace, the watertable is 
commonly found at a depth of 1 m or more below the 
surface, maintaining a gentle downward gradient 
across the terrace towards the playa. After heavy 
rainfall, this gradient is often reversed, with 
levels under the playa standing above those under 
the terrace. This is due to the watertable rising 
rapidly beneath the playa, and that beneath the 
terrace changing little.
2) Beneath the gypsum ground, the watertable remains 
relatively stable. Rainfall of 24 mm on 21st Oct. 
1986 caused a rise of less than 10 cm, and the lack 
of rainfall during the dry year of 1985 resulted
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only in a 10 cm fall. With a topography which 
undulates 10 to 20 cm, the watertable is often found 
between 25 to 55 cm below the surface during long 
dry seasons and even after rain.
3) Beneath the salt flat, the depth of the watertable 
may vary considerably through time. Following heavy 
rains, it may stand locally above the levels for 
both the terrace and the gypsum ground. During dry 
seasons, it falls at a significantly faster rate 
and is thus locally depressed in comparison. In 
general, the watertable position measured during dry 
seasons (1984 and 1985 field work periods) lay 
within the range of 40 to 80 cm below the surface.
4) The long term position of the watertable beneath the 
sulphide lowland is more stable than the salt flat, 
and typically less than 25 cm deep, even during dry 
periods.
3.3 SALINITY AND CHEMISTRY OF SHALLOW GROUNDWATERS
For a closed playa without any significant surface 
water inflow, it is the behaviour and composition of 
shallow groundwater which is the dominant factor in 
evaporite sedimentation, and development of distinctive 
playa surface morphologies. An understanding of 
groundwater chemistry is thus essential for identifying 
modern sedimentation processes and for interpreting the 
hydrologic evolution of the playa.
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3.3.1 MEASUREMENT OF SALINITY
Groundwater salinities were determined as Total 
Dissolved Solids (TDS), expressed as grams/litre. 
Unfortunately, accurate determinations can only be carried 
out in the laboratory, so that in the field it was more 
convenient to measure the water density, from which TDS 
can be calculated. Hydrometers calibrated against the 
density of pure water were used to give a direct value of 
brine density, with a correction for temperature.
Fig. 3.3.1 shows a plot of TDS versus density 
(determined at 20°C in laboratory) for 83 water samples 
taken during the field work of 1984, 1985 and 1986. The 
TDS and densities correlate well, with a regression 
coefficient of 0.976. The regression formula is :
TDS = 1506 * density - 1512 (3.3.1)
The relative error for TDS determined in this way is 
16% maximum; at 90% of probability, the error is less than 
10%. Discussion of the results of measurements will deal 
directly with groundwater density as an*indicator of 
salinity (rather than TDS), as an aid to understanding the 
structure of the groundwater body beneath the playa.
In general, groundwater densities change spatially 
across the playa, but remain stable throughout the year.
At three sites, EV7 in the gypsum ground, EV8 in the 
sulphide lowland and EV9 in the salt flat, groundwater 
densities were measured 5 times during the period 1st to 
30th October, 1986. Each time densities were measured on 
the groundwater collected from newly-dug pits. For the
D
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Fig. 3.3.1, Correlation of density and TDS for groundwater of Lake
Amadeus playa.
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gypsum ground and the salt flat, densities did not change 
during the period, even after the 24 mm rainfall 
(Fig.3.2.1). However, the groundwater density in the 
sulphide lowland decreased from 1.191 to 1.167 g/cm3 after 
the rain and rose again to 1.180 g/cm3 on 30th of Oct., 
indicating a change in salinity from 282 to 246 to 265 
g/1.
After the 24 mm rain, the groundwater densities from 6 
piezometers across the southern marginal terrace were 
measured. No changes were detected.
These observations suggest that the sporadic rainfall 
which is typical of this region has only a very limited 
effect on groundwater densities of the playa, even in the 
short term. Moreover, groundwater densities from 21 
piezometers were measured during fieldwork in both 1985 
and 1986. These showed an average difference of only 
0.0017 within two years, which is vrithin the margin of the 
measurement accuracy of 0.0023. This indicates that the 
groundwater salinities are a stable feature at least on a 
time scale of one year.
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3.3.2 LATERAL AND VERTICAL VARIATIONS OF DENSITY
Fig. 3.3.2 shows 56 groundwater densities measured 
during 1985 and 1986 field seasons at the sites within the 
main working area. The groundwater densities of the 
gypsum ground are lower than those for the other two 
surface types; they vary within a relatively narrow range 
1.130 to 1.160 g/cm3 (190 to 235 g/1). The iso-density 
line of 1.160 g/cm3 coincides well vrith the boundary of 
the gypsum ground.
Groundwater densities beneath the sulphide lowland are 
generally higher than 1.180 g/cm3 (265 g/1), and may be as 
high as 1.210 g/cm3 (310 g/1). Densities beneath the salt 
flat are variable, but are normally higher than those of 
the gypsum ground, and vary from 1.223 g/cm3 (330 g/1) at 
one site, to 1.064 g/cm3 (90 g/1) for water collected from 
a concealed spring on the playa surface. Groundwater 
densities measured on the gypsum ground and the salt flat 
on other parts of the playa (Fig. 1.6.1) fall into similar 
ranges.
The density of the groundwater decreases rapidly 
across the marginal terrace, from 1.128 (TDS 188 g/1) to 
1.036 (TDS 48 g/1) within a distance of 180m (Fig.3.3.3). 
Further away from the playa, groundwater density remains 
constant at approximately 1.025 g/cm3 (TDS 32 g/1), as 
measured from the auger holes drilled in the sand plain 
(86pl to 86p4 in Fig. 3.3.3) which are up to 1 km from the 
playa margin. Fig. 3.3.3 shows clearly a narrow 
transitional zone beneath the terrace, within which
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groundwater densities decrease rapidly away from the playa 
surface.
Groundwater densities also vary in a vertical sense, 
as indicated by the six sets of nested piezometers 
installed on Section 2 to different depths below the playa 
surface (Fig. 3.3.4) . Within the gypsum ground 
groundwater density increases downwards from 1.136 to 
1.155 (TDS 199 to 227 g/1) over a depth of 10 m. 
Groundwater densities increase downwards also beneath the 
marginal terrace from 1.123 to 1.195 (TDS 179 to 288 g/1) 
over a 10 m depth, almost 3 times the rate for that of the 
gypsum ground. A different trend was found in piezometer 
set No.2-3-4, located in the salt flat on section 1, in an 
area of some spring activity (Fig. 1.6.2) . This shows a 
significant downward decrease in density, from 1.180 (TDS 
265 g/1) at the watertable to 1.145 (TDS 212 g/1) at a 
depth 5 m and to 1.090 (TDS 130 g/1) at a depth 15 m below 
the playa surface.
On the basis of the measurements, several preliminary 
interpretations of the vertical groundwater density 
structure can be made.
1) A boundary zone between the playa brine body which 
underlies the playa surface and the surrounding 
regional groundwater of lower density is located 
beneath the marginal terrace.
2) Rainwater may infiltrate the gypsum ground more 
easily and mix rapidly with the shallow groundwater. 
Dilution near the watertable is the probable cause 
of the observed downward increase of density
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beneath the gypsum ground. Supporting evidence from 
net evaporation measurements is presented later 
(3.4) .
3) The piezometer set No.2-3-4 on the salt flat in 
section 1 reflects strong local spring activity.
This is indicated also by the waterlevels in the 
piezometers. No 4 piezometer, installed to a depth 
15 m below the playa surface, overflowed from the 
top of the piezometer pipe which stands 30 cm above 
the surface. Moreover, a mound spring and several 
concealed springs were found nearby.
3.3.3 CHEMICAL COMPOSITION
A total of 83 groundwater samples taken in 1984, 1985 
and 1986 were analysed for eight main ions (CO3--, HCO3-, 
SO4--, Cl-, Ca++, Mg++, Na+, K+) , as well as pH and 
density (20°C). The average concentration of each ion for 
the 83 samples, as percentage (%) of total equivalents, is 
shown in Table 3.3.1. To give an indication of the range 
of variation in concentrations for each ion, the table 
also lists the ranges for 90% and 50% of samples 
respectively. Fig. 3.3.5 plots the concentrations of 7 
ions against salinity (TDS). As salinity increases, 
concentrations of Cl-, Na+, SO44"1', Mg++ and K+ increase 
steadily. The CO3-- content shows no change, and remains 
at a very low concentration (Fig. 3.3.5) . The Ca+_r shows 
a slight increase with TDS, up to TDS around 100 g/1, but 
decreases beyond this. This may reflect a process of
86
M e a n  % R a n g e  f o r R a n g e  f o r S e a  w a t e r
e q u i v a l e n t 9 0 %  o f  s a m p l e s 5 0 %  o f  s a m p l e s c o m p o s i t i o n
Na+ 43.81 40.12-45.36 43.09-44.78 38.70
K + 0.79 0.52-1.00 0.67-0.91 0.81
C a + + 0.99 0.25-3.16 0.38-1.26 1.69
M g + + 4.48 1.84-8.22 3.33-5.45 8.80
c i - 43.81 39.88-45.61 43.39-44.91 45.14
S O 4 " 6.09 4.27-9.33 5.00-6.32 4.63
C 0 3 " 0.03 0.026-0.108 0.013-0.03 0.24
& H C O 3 ”
p H ( 2 0  C) 7 . 0 1
Table 3.3.1, Averaged ionic concentrations of 83 brine samples from the
watertable of Lake Amadeus playa (as percentage of total equivalents). 
Sea water from Garrels and Thompson (1962).
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Fig. 3 .3 .5 ,  Plots of 7 ion concentrations against salinity (TDS) for 83 groundwater 
3ample3 of Lake Amadeus.
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gypsum segregation from brine by precipitation. Because 
the SO4-- concentration is approximately 6 times greater 
than Ca++ (by equivalence), it is likely that the 
availability of Ca++ controls gypsum (CaS04.2H20) 
deposition. When the brine reaches gypsum saturation, 
further brine concentration will result in gypsum 
deposition, removing Ca++ from solution. This is 
evaluated more in detail in the next section.
A consistent feature of Amadeus groundwater chemistry 
is the 1 to 1 molar ratio between Cl- and Na+ 
concentrations. Their relative equivalent concentrations 
are 43.810% for Cl-, and 43.805% for Na+. The ratios of 
Cl/Na for the 83 samples average 1.0002, varying between a 
minimum of 0.944 and a maximum of 1.056.
3.3.4 THE AQUEOUS CHEMISTRY OF GYPSUM SEDIMENTATION
Sedimentation of gypsum as the dominant evaporite 
mineral deposited in the playa, is controlled basically by 
the groundwater chemistry. The problem to be examined _s 
whether and how the groundwater across the playa is 
saturated with gypsum. Generally, oversaturation leads 
to gypsum segregation from the brine and undersaturation 
results in dissolution of existing gypsum.
For a hypersaline brine, theoretical calculation based 
on dissociation equilibrium is often not practical because 
of the difficulties and uncertainties in ion activities 
estimation. Therefore, the following evaluation is based 
on experimental data on solubility of gypsum in highly
89
saline solutions (Madgin and Swales, 1956; Shternina,
1960; Posnjak, 1940). The existance of other ions in a 
solution influences gypsum solubility. The presence of 
Cl- and Na+ increases gypsum solubility, by effect of 
ionic strength, but excess S04-- in the brine decreases 
solubility by the common ion effect.
Fig. 3.3.6 shows a curve (Shternina, 1960) of 
solubility of gypsum versus dissolved NaCl in a solution. 
As dissolved NaCl increases, the solubility of gypsum 
increases quickly from 2 g/1 in water without NaCl to the 
highest point of 7.2 g/1 in the solution with about 140g/l 
NaCl, after which the solubility decreases gradually. In 
the same figure, the 83 water samples of Lake Amadeus are 
also plotted, based on the assumption that all Ca++ in the 
brines come from dissolved gypsum and that the Na+ and Cl” 
ions represent dissolved halite. Almost all the points 
fall below the curve. However, this alone does not prove 
that the playa groundwaters are undersaturated with 
gypsum, because the effect of excess S04”” must be taken 
into account.
Madgin and Swales (1956) reported that excess S04”” in 
a system of CaS04-NaCl-Na2S04-H20 can reduce the 
solubility of gypsum significantly (Fig. 3.3.7). These 
writers measured the effect of excess SO4”” at 1.1 and 2.5 
g of Na2S04 per 100 g of H20. A systematic relation 
between the concentration of excess SO4”” and the 
reduction of gypsum solubility is not available.
However, the effect can be evaluated by plotting excess 
SO4--, against the difference between the gypsum
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3 2.5 g. of Na2S04 
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Fig. 3 .3 .7 ,  Solubilities of CaS04.2H20 and NaCl in common solutions at 25°. 
(From Madgin & Swales, 1 956).
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solubilities in a system without excess SC^-- (shown by 
the Shternina 1960 curve in Fig. 3.3.6) and the estimated 
dissolved gypsum in each fluild sample which has excess 
SO4“- . The Amadeus data shows a good positive correlation 
between the excess SO4“- and the reduction of dissolved 
gypsum, as shown in Fig. 3.3.8. This indicates that the 
reduction of dissolved gypsum is due to the effect of 
excess SO4“- . The playa groundwaters are probably all 
near the gypsum saturation although their salinities vary 
considerably. This is reasonable, because the brines 
exist commonly within the voids of the gypseous sediments 
and the existence of both solid and dissolved gypsum 
maintain an equilibrium near gypsum saturation.
The relative Ca++ concentration decreases 
significantly as TDS increases (Fig.3.3.9), indicating a 
Ca++ loss through gypsum deposition as the groundwater 
salinity increases. This can occur as groundwater flows 
in a convergent path towards the playa (Fig. 3.1.2) . Fig. 
3.3.9 suggests that gypsum deposition will be substantial 
at the marginal terrace, as TDS increases from 50 g/1 
behind the terrace to 150 g/1 at the playa edge, with a 
three fold decrease of the relative concentration of Ca++. 
Assuming that groundwater flows towards the playa and that 
this decrease results only from deposition of gypsum, the 
gypsum deposition rate can be calculated if the speed of 
groundwater flow is known. This deposition rate should 
be significant. Substantial gypsum deposits indeed exist 
beneath the marginal terraces, as described in Chapter
4.3.
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5.0 -
4.0 -
O 2.0 -
1.0 -
"""/ »
EXCESS S04~"
equivalents per million
Fig. 3.3.8, Correlation between excess S04~_ (refer to text) and the deficit 
of dissolved gypsum relative to the saturation point in the 
system without excess S04-~.
93
Ca++/TDS  
0 . 0 3  -i
0 .02  -
+ TERRACE 
°  GYPSUM GROUND 
♦ SULPHIDE LOWLAND 
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Fig. 3 .3 .9 ,  Relative Ca++ concentration versus TDS of groundwater samples from 
sites of 4 geomorphic types.
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Fig. 3.3.9 shows little difference in relative Ca++ 
concentration between the brines of the gypsum ground and 
of other surface types, with a range of 1 % to 2 % (by 
equivalent), over a TDS range from 260 g/1 to 180 g/1 for 
the gypsum ground. For the groundwater of the salt flat, 
the Ca++ concentration is generally lower because of the 
higher TDS. A slightly lower possible gypsum deposition 
rate is expected. The concealed springs within the salt 
flat are exceptions, where the groundwater has 
significantly lower salinity and higher concentration of 
Ca++, resulting in significant gypsum deposition around 
the springs. Here hard, cemented sediments were 
encountered which consist mainly of gypsum with carbonate.
To summarize groundwater chemistry:
1) Among the 7 common ions, C1“ and Na+ comprise 86 %
(by equivalent) of the total maintaining a constant 1:1 
ratio between them.
2) SO4-- in the groundwaters always exceeds Ca++, so 
that Ca++ controls gypsum deposition.
3) Despite the variation of the TDS, the groundwraters 
remain near gypsum saturation.
4) The relative concentration of Ca++ decreases 
significantly as salinity increases, providing a measure 
of gypsum sedimentation in different parts of the playa. 
The marginal zone and the concealed springs are the sites 
most favouring gypsum deposition. The playa itself should 
have a much lower gypsum deposition rate.
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3.4 ESTIMATION OF EVAPORATION FROM THE PLAYA SURFACE
An understanding of evaporative water loss is 
essential in estimating the water balance of any playa 
system. When the playa is regarded as a closed system for 
both surface water and groundwater (Lloyd and Jacobson, 
1987), the evaporation from the playa surface is the only 
outflow to balance the inflow components of direct surface 
rainfall, rainfall runoff into the playa basin, and 
groundwater inflow. As surface runoff into the playa 
basin can be neglected (Chapter 2) and direct rainfall is 
estimated from regional measurements, groundwater inflow 
can be estimated when evaporation losses are known.
As surface water remains on the playa for only a very 
short time after heavy rain, evaporative losses 
essentially occur through the dry playa surface. Previous 
studies have estimated evaporation from a variety of 
surfaces (Penman, 1948; Chow, 1964), but there have been 
few studies of evaporation from salt encrusted surfaces. 
This type of surface is significantly different from 
others. For example, the evaporation rates from soil 
surfaces are similar to the potential evaporation when 
these are moist (Hillel, 1971; Idso et al,. 1974), but 
previous estimates of evaporation from hypersaline 
sediment surfaces are much lower (Table 3.4.1) . This 
difference appears to be caused by the effect of salt 
accumulation on the surface. In the study of soils, 
several workers have dealt with cases of low salt 
concentration (e.g. Bresler, 1970; Qayyum, 1962), which
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are not strictly comparable to the playa case. The 
limited results of studies in hypersaline settings listed 
in Table 3.4.1 show evaporation estimates which vary by a 
factor of 30. For example, Lake Eyre and Lake Frome 
(South Australia) share similar environments, and 
sediments are similar in texture and lithology, but 
estimates from these lakes are 6 to 18 times different, 
although the methods used at both sites were based on 
Fick's diffusion law (Ullman, 1985; Allison, 1985). 
Moreover, the conventional methods (Penman, 1956) are 
often complicated and sometimes net very practical when 
dealing with the low evaporation rates that commonly 
prevail in playa environments. For this reason, new 
methods were developed to estimate evaporation rates from 
the playa surface.
3.4.1 FIELD MEASUREMENTS: EVAPORATION FROM SEDIMENT 
BLOCKS
Method
Estimates of evaporative water loss from playa 
sediments were based on measuring weight loss from an in- 
situ block of playa sediment contained in a plastic tube 
section buried on the playa surface. The section had a 
sealed, impermeable base and was 16 cm high, and 20 cm in 
diameter. The undisturbed sediment block was carefully 
cut from the playa and placed within the tube which was 
then set into a hole of the same diameter, level with the 
playa surface. The block was weighed thereafter on a
98
daily basis. These measurements were carried out in 1985 
and 1986 with observations encompassing the 3 playa 
surface types.
Because deflation loss and dust fall in the modern 
playa could be considered as negligible over the period of 
measurement, there is a sound basis for making the 
assumption that the weight variation of the blocks are due 
entirely to the change in their moisture contents. Any 
decrease of moisture contents is regarded as due to 
evaporative water loss. The proceedure uses test blocks 
with textures and structures similar to those of the in- 
situ sediments of the playa. They also had moisture 
contents similar to those of the playa sediments at the 
start of the test. In addition, they were exposed to the 
same meteological conditions (wind, sunlight and air 
temperature), so that they would be likely to maintain 
similar evaporation rate as the playa surface for some 
period after being set into that surface.
To estimate evaporation by this method, it is 
necessary to examine the moisture contents of the blocks 
and of adjacent playa sediments. The surficial sediments 
of the playa are generally quite moist, containing 10 to 
20 % by weight of water. The moisture content, the weight 
ratio between fresh water loss by oven drying, and the 
total weight of the moist sediment, is affected by 
sediment properties. A better measurement is the moisture 
saturation degree (MSD), defined as:
Volume of salty pore water
MSD -----------------------------------
Void volume in sediments
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The procedure of obtaining MSD is described in Appendix 3. 
Field and laboratory methods used for measuring MSD are 
judged to be reliable, although at times errors were 
significant and occassionally lead to MSD values exceeding 
100%.
Plots of MSD versus depth are shown in Fig. 3.4.1. 
Results for Äugest 1985 and October 1986 are shown. MSD 
profiles in the salt flat and sulphide lowland are 
similar, with values tending to be high (>50%) close to 
the playa surface. These high surficial MSD values and 
the relative constancy of MSD with depth suggests that 
evaporation from the playa surfaces occurs in both the 
salt flat and the sulphide lowland. In the gypsum ground, 
MSD decreases steadily upwards from the watertable, 
falling to values around 20% in the upper 20 cm of the 
profile. In all cases the differences between 1985 and 
1986 profiles are not large.
The playa surface has a direct connection with the 
water table beneath, which may continuously supply water 
to the evaporation front, while the test blocks were 
isolated from this water supply. Repeated measurements of 
the blocks therefore provide a drying curve.
Interpretation requires understanding of the processes 
involved. Three stages of evaporation during drying of a 
soil were observed by Idso et al,. (1974). The first
stage occurs when the soil surface is wet and evaporative 
losses are characteristic of the potential evaporation.
The second stage is marked by the drying of the soil 
surface; it is during this phase that evaporation rates
100
<r
ro
(JO
• HPh
De
pt
h 
pr
of
il
es
 o
f 
mo
is
tu
re
 s
at
ur
at
io
n 
de
gr
ee
 
(M
SD
: 
vo
lu
me
 r
at
io
 o
f 
sa
lt
y 
po
re
 w
at
er
 
to
 
se
di
me
nt
 v
oi
ds
) 
in
 t
he
 3
 p
la
ya
 s
ur
fa
ce
s 
du
ri
ng
 A
ug
us
t 
19
85
 a
nd
 O
ct
ob
er
 
19
86
.
101
fall significantly. The third stage is characterized by 
very low evaporation rates while the soil surface remains 
dry. During the second stage the evaporation rate is 
significantly controlled by the moisture content of the 
soil surface.
Field observation and laboratory analysis show that 
when moisture content is around 5% (by weight), the crust 
of the gypsum ground turns from visually wet to dry, 
compared to the moisture content of over 20% for the 
saturated sediments around the watertable (Fig. 4.2.7). 
Although the moisture content at this wet/dry threshold 
will be different for the crusts of other playa surface 
types, these figures indicate a wide moisture range 
between saturation and dry stages. Stage 2 of the drying 
process, during which moisture content of the surface 
controls evaporation rate, occurs only when surfaces turn 
from wet to visually dry. When the surfaces of the blocks 
are wet, a small decrease of their moisture content would 
have negligible influence on evaporation rate.
By the end of the 1985 measurement series, 
approximately 27% of the initial pore water contained in 
the blocks had been lost. This is calculated by:
WL
ML = --------------* 100 %
IW * MC
ML -- Moisture loss (wt%).
WL —  Weight loss (g) .
IW -- Initial weight of the sediment blocks (g).
MC —  Moisture content (by weight) of the blocks.
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Some surfaces of the blocks were dry by the end of the 
1985 measurement series, but some remained wet, especially 
those of the sulphide lowland and the salt flat. During 
the 1986 measurement series, water was continuously lost 
from the blocks until the 20/10, when 12% of the initial 
pore water had evaporated. By this time, evaporation 
rates remained steady. Most surfaces of the blocks 
remained wet throughout the measurement period.
Therefore, evaporation rates from the sediment blocks 
should be similar to that from the playa surface, for all 
of the 1986 measurement series, and for the blocks in the 
sulphide lowland and the salt flat for the 1985 series. 
This remains an unverified assumption. The influence of 
minor disturbance involved in emplacing and removing the 
blocks and the influence of the slightly lower moisture 
contents of the blocks cannot be quantified. The results 
should be considered as an estimate of evaporative loss.
Results
The pattern of average weight variations of all 9 
sediment blocks observed during 1986 (Fig. 3.4.2) shows 
the following features:
a) After each rain, the weight of blocks suddenly 
increased and the rate of evaporative loss rose steeply. 
This renewed evaporation rate rapidly decreased.
b) From 5/10 to 21/10 (period El), the influence of the 
prior rainfall event on evaporation rates became small and 
the rate of weight loss remained relatively stable, 
fluctuating from the lowest value of 6 g/day (0.19 mm/day)
Equivalent 1985 measurement
water loss
mm/day g/day
0.96 30 -
30 day
Weight variation
1986 measurementEquivalent 
water loss |
mm/day g/dary
1.28 40 -
to 118.2 g
24 mm rain 9 mm rain5 mm rain
■ 200
0.96 30 -
0.64 20 -
-  100
0.32 10
-20  -
-30 -
to-432g-40  - to-72 g to -84 g
30 day
29/10 dates
Oct. 86
Fig. 3.4.2, Evaporation from averaged blocks, with weight variation 
during 1986 measurement.
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to the highest value of 10.4 g/day (0.33 mm/day). The 
sediment surface was salt-encrusted through this period.
c) Following the 24 mm rainfall event of 21 October, 
evaporation rate declined rapidly over the next 6 days 
(period E2), from a high initial value of 118 g/day (3.7 
mm/day). A similar pattern, at less amplitude, occured 
between 2nd and 4th October, after a 5 mm rainfall event. 
In each case the sediment surface was wet and salt crusts 
were dissolved.
Additionally, the 1985 results represent a drying 
process because of the absence of any rainfall events 
during the measurements. Some sediment blocks were 
disturbed and their salt crusts were broken during 
preparation, especially the blocks from the gypsum ground. 
This resulted in much higher evaporation rates during the 
initial days of the experiment. Several blocks had lost 
substantial moisture towards the end of the measurement 
series, and the block surfaces became visibly dry, 
resulting the very low evaporative loss (Fig. 3.4.2).
These results are not indicative of steady state 
conditions for the playa, and are used cautiously. Only 
results from day 3 to day 19 are taken as a guide to playa 
evaporation under El conditions.
Interpretation
The data presented in Fig. 3.4.2 can be used to 
evaluate the net evaporation. Playas are regarded as 
groundwater discharge areas, when total evaporation 
exceeds combined direct rainfall and the surface water
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inflow. Net evaporation (NE) is defined here as the 
excess of total evaporation over rainfall. This balances 
the groundwater inflow, and is a very important parameter 
in the playa water balance. However, NE cannot be 
estimated accurately over a long period from the overall 
average results of the experiment, because total 
evaporation may greatly vary from month to month and from 
year to year depending upon rainfall variations. Instead, 
the evaporative losses during the El phase is taken as an 
upper limit of NE. The prior 5 mm rainfall clearly was 
not evaporated during the short interval from 2 - 4  
October, where weight measurements show that less than 2mm 
was lost. Hence, evaporative loss during the El phase is 
likely to represent NE plus a contribution from the prior 
rainfall.
The average evaporation from the blocks during the El 
period (4/10/86 to 21/10/86, Fig. 3.4.2) was 0.27 mm/day. 
This can be extraporated to give a rough estimate for a 
year, assuming that variations in El throughout the year 
will mirror the pattern of variations recorded by monthly 
pan evaporation. Based on the 17 year pan evaporation 
records of Alice Springs, average pan evaporation for 
October is 288.3 mm or 10 % of the annual value. The 
average pan evaporation for Oct. 1986, recorded at Ayers 
Rock and Alice Springs was 288.1 mm, almost the same as 
the 17-year figure. If we assume therefore that 
evaporation during period El from the playa surface is 
representative, and that the annual total is 10 times the 
October total, the annual evaporation at the average rate
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of the El pattern is 83 mm. However, evaporation from the 
playa sediments is interrupted by rainfall events, shown 
by the E2 pattern in Fig. 3.4.2. Such periods should be 
excluded from the evaporation year. This is done as 
follows. Rainfall averages 250 mm/yr and the average 
number of rainfall days is 38, with 6.5 mm/rainfall-day. 
Assuming that each rain-day causes 2 days of high 
evaporation (E2), a total of 76 days per year can be 
allocated to E2 evaporation. Substracting these days from 
the yearly total reduces the estimated annual evaporation 
from the playa sediments to 65.5 mm/y.
For 1985 data, the first 2 days and last 11 days (Fig. 
3.4.2) have been ommitted because they appear not to 
represent the real situation for the playa surface. The 
data, reduced to the period from day 3 to day 19, were 
used for the same calculation for total annual El 
evaporation. These observations were taken from late July 
to late Äugest. Pan evaporation for the period is about 
5% of the annual value. The result is 79.3 mm/y, slightly 
higher than the result for 1986 data.
An average estimate of total annual El evaporation is 
taken as 70 mm/y. This should be considered as the upper 
limit of NE, because a portion of infiltrated rainwater is 
retained after the high evaporation phase (E2) .
Comparison between this retained water and the total El 
evaporation is essential in the water balance of a playa. 
When total El exceeds the retained water, the playa acts 
as a groundwater discharge zone. If retained water 
exceeds total annual El, the playa would be in a recharge
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condition. It is difficult to estimate this within limits 
of data available. The actual net evaporation at Lake 
Amadeus might be significantly below the estimate of 
annual El = 70 mm, because retained water or rain water 
recharge may be substantial.
3.4.2 LABORATORY EXPERIMENT SIMULATING EFFECTS OF SALT
ENCRUSTRATION ON THE EVAPORATION LOSSES FROM SOILS
Field measurements allow an estimate of the total El- 
phase evaporation from the encrusted playa surface at 
approximately 70 mm/y, about 2.4% of the pan evaporation 
in the area. However, the playa surfaces of the salt flat 
and the sulphide lowland generally remain highly moist 
(Fig. 3.4.1), providing sufficient moisture for 
evaporation. Therefore, the low evaporation rate is 
likely to be caused by a thin salt crust. The effect is 
substantial, considering that a wet soil surface has 
similar evaporation rates as pan evaporation (Idso et al, 
1971) , and that the evaporation from a brine surface with 
salinity of 300 g/1 can reach approximately 60 % of that 
from fresh water (Harbeck, 1955). This effect of salt 
crust is greatly significant to our understanding of water 
balances in arid playa systems in many parts of the world. 
For this reason, further evidence about the salt crust 
effect is needed.
Some soil researchers (eg. Penman, 1941; Qayyum and 
Kemper, 1962; Bresler and Kemper, 1970) studied the effect 
on evaporation by salt accumulation on soil surfaces.
108
However, the salt concentrations in their studies were low 
compared to playa cases. For example, in a most relevant 
study, Qayyum and Kemper (1962) used up to 2% NaCl 
solution (>20 g/1) as a water supply to soil surfaces; 
salt accumulated on the soil surfaces but the evaporation 
from the surfaces was still more than 20% of that from the 
surface wetted by fresh water.
An indoor evaporation trial was carried out to 
demonstrate the effect of a thin salt crust on evaporation 
from sediment surface under high saline conditions. 
Influences from other factors, such as external 
temperature and humidity and properties of sediments, were 
controlled by calibrating with distilled water 
evaporation.
Evaporation cells comprised of sediment columns in a 
brine supply were used in this experiement. Soil sediment 
was taken from a local site on the ANU campus, dried at 
room temperature, and sifted through a 2 mm sieve. The 
size composition was 62% sand, 18% silt and 20% clay. 
Furteen sediment columns were prepared by filling 
plastic cylinders, 19 cms high, 6.5 cms in diameter, 
and closed at the bottom. Each column had 762 grams dry 
sediment, compacted to a height of 17.5 cms. Holes were 
drilled in the cylinder bottoms. The columns were first 
saturated with distilled water, absorbed through the 
basal holes. Each was placed in a vessel 15 cms high 
and 12 cms in diameter which contained 200 ml 
groundwater brine from Lake Amadeus, with a salinity of 
196 g/1. The outer vessels then were sealed, and the
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only outlet for the brine was through the sediment 
column. These cells were kept in a room with a mean 
temperature of 20°C and up to 5°C daily variation.
Weights were recorded regularly. Simultaneously, 
evaporation from free distilled water surface was also 
recorded. Individal soil/brine cells were withdrawn 
periodically from the trial, and their sediment column 
was cut into 2.5 cm slabs for analysis of moisture and 
salt content. When a salt crust formed on the sediment 
surface, it was removed from two selected cells to examine 
the effect on evaporation. Similarly, distilled water was 
added to two cells to demonstrate evaporation change.
Results
Relative evaporation E* is here defined as the ratio 
of evaporation per unit surface area from the sediment 
cells, to that from distilled water. Results in Figure 
3.4.3 show that E* initially was slightly greater than 1, 
fell uniformly to about 0.15 around day 60, and decreased 
at a much lower rate after that. Moisture and salt 
contents of the cells removed progressively from the 
experiment are shown in Figure 3.4.4. These results show 
that the sediment columns remained approximately 
saturated during the experiment. At the beginning, when 
the sediments were saturated by distilled water, the 
moisture content was around 24%, but when brine replaced 
the distilled water, the apparent moisture content fell to 
between 21% to 22%, because solutes in the brine could 
not be removed during the moisture analysis. Both values
110
Cell 3 re m o v e d  
^ C e l l  4  re m o v e d
C ell 8 re m o v e d
0 .8 - u  C ell 9  re m o ve d
S c a tte re d  sa lts  a p p e a re d
0 . 4 -
0 .2 - S a lt c ru s t fo rm e d
C ell 10 re m o v e d
C ell 11 re m o v e d
Fig. 3.4.3, Relative evaporation (E*) versus days, with indicated positions
for analysis on moisture and salt contents.
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(24% for distilled water and 22% for brine) are close to 
sediment saturation.
In contrast to the constant moisture content, salt 
content of the sediment increased during the experiment. A 
process of salt rising with eventual concentration near 
the surface is shown by the sequence of cells in Fig. 
3.4.4. After cell 9 was analysed (25 days elapsed), 
scattered white salts appeared on the surfaces. When cell 
10 was analysed (89 days elapsed), a thin but nearly 
continuous salt crust formed, which then continued to 
thicken. At this stage, the relative evaporation 
decreased sharply corresponding to formation of the 
continuous crust (Fig. 3.4.3) . After this formed, E* 
became stable with a slight but steady decrease. After 
650 days had elapsed E* effectively remained steady (Fig 
3.4.3) .
As a second test, the white salt crusts were removed 
from one cell on days 322 and 508, and were analysed. The 
moisture contents of the crusts were 8.7% and 4.8% 
respectively, much lower than the value of 22% for the 
sediment beneath. The salt amount was equivalent to a 
pure salt layer 1.3 mm and 1.7 mm thick respectively 
(assuming a density of 2.0). Once the crusts were 
removed, the evaporation rate increased significantly, 
about 10 times higher than that of the untouched cells 
(fig. 3.4.5). The rate then fell quickly and returned to 
the previous level in 8 to 13 days respectively.
On days 495 and 522, 12.7 and 22.3 grams of distilled 
water was added to the surface of one cell. The water
113
E*
C ru s t re m o v e d  fro m  ce il 7
0 .4  -
U n to u c h e d  ce lls
0.1  -
318 32 2  32 6  33 0  33 4  days
C ru s t re m o v e d  fro m  ce ll 11
0 .4  -
0 .3  -
0 .2  *
U n to u c h e d  ce lls
0.1 -
522 d a ys
Fig. 3.4.5, Comparison between relative evaporation (E*) from salt-crust 
removed surface and untouched surface.
1,184 -
1,176h
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12.7 g d is tilled  w a te r added
0 .4  -
I  0 .3 -
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Fig. 3.4.6, Comparison between relative evaporation from surface with added
distilled water and surface untouched, together with plot of total weight 
variation of the cell received distilled water.
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remained on the surfaces for hours and the salt crusts 
were dissolved. Both the E* and the total weights of the 
cells, with and without addition of distilled 
water, are plotted versus the days around the events 
(fig. 3.4.6). The evaporation rates rose greatly, 10 to 20 
times higher within 2 or 3 days, then fell quickly. 
Relative evaporation returned to the previous rate (about 
0.02) after 52% and 68% respectively of the added 
distilled water had evaporated.
All of these observations confirmed the results 
obtained from the field measurement.
When a complete though very thin salt crust 
(equivalent to 1.7 mm of pure salt) formed on the 
sediment columns, the evaporation rate fell below 2 % of 
that from fresh water surface, compared with 2.4 % as 
determined from the field observation. Because the 
sediment remained saturated during the experiment, salt 
accumulation on the surfaces is the only cause for the 
significant decrease of evaporation.
When distilled water was added on the surface, 
resembling rain water on a playa surface, the crust 
dissolved and the evaporation increased significantly.
Two different evaporation patterns, identified as El and 
E2 in the field measurements (3.4.1), reappeared also in 
this experiment. Moreover, a portion of the water 
recharged the sediment and was not evaporated off during 
the high rate period (E2). These observations confirm the 
conclusions obtained from the field measurements.
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3.4.3 CONCLUSIONS
The consistent results obtained from field measurement 
and the indoor experiments can be summarized as follows:
a) The formation of a thin salt crust (<1 cm thick) on 
the sediment surface of the playa can significantly reduce 
the evaporation rates from the surface to about 2% of 
potential evaporation (or pan evaporation).
b) Evaporation rates rise significantly when rainfall 
dissolves the salt crust.
c) The evaporation pattern for the playa surface can be 
divided into two types. One represents the very low rates 
from the encrusted surface (the El phase); the other 
represents much higher evaporation when the crust is 
dissolved by rain (the E2 phase).
d) Net evaporation, the difference between the total 
evaporation and the rain water on the surface, cannot be 
evaluated directly with this method, because of the 
complicated influence of rainfall on evaporation rates.
e) Evaporation of the El phase is estimated to be of the- 
order 70 mm/y. This value can only be used as an upper 
limit for NE, because rain water is not totally evaporated 
during the E2 phase. The quantity evaporated annually 
during E2 phases cannot be estimated, but on the basis of 
limited observations (Fig. 3.4.2) appears only slightly 
more than half the annual rainfall. Net evaporation, and 
the consequent rate of groundwater discharge, is therefore 
very low. Figures derived from other Australian playas 
range from 9 to 170 mm/year (Table 3.4.1) . This
116
uncertainty concerning the rate of net evaporation affects 
estimates of rates of salt formation, and groundwater 
brine concentration, discussed later in Chapter 5.
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CHAPTER FOUR MODERN SEDIMENTATION
4.1 REGIONAL SEDIMENTATION - DUNEFIELD AND SANDPLAIN
In this flat, stable and arid region of central 
Australia, sedimentation is essentially a slow process. 
Streams rarely flow to transport materials through the 
area; modern sedimentation is dominated by aeolian 
activity.
Calcrete formation in the vadose zone was investigated 
by Jacobson et al., (1988) in the-area near Curtin Springs
but the situation around the playa remains little known. 
The gypseous dunes and red beds (or old soils) fall into 
the catalogue of sedimentary units which are considered 
separately in Chapter 5. This section describes the 
surficial sedi-ments including sand dunes and sand plain in 
and around the playa.
As mentioned in chapter 2, most of the dunes in the 
region are fixed by vegetation, except a few along the 
playa margins which have active crests. They are the most 
active modern sites of sediment transport and deposition 
in the surrounding area. Aeolian sedimentation may occur 
at the surfaces of the fixed dunes and on the sandplain as 
well, although at a much slower rate. In general, 
materials may be removed from, or contributed to, any land 
surfaces by wind.
More than 20 surface samples were taken from the 
mobile dune slopes, fixed dunes and the sandplain several 
kilometres from the playa. Laboratory analysis included
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size analysis, binocular examination and XRD analysis.
The sediments consist chiefly of quartz, with minor 
magnetite, ilmenite and zircon in the sand-sized portion, 
plus kaolinite, iilite and haematite in the finer portion. 
Most grains are rounded to sub-rounded with a few sub-
angular as would be expected in such a mature landform
*with multiple recycling of sediments.
Colouration of the dune sand is a most important 
feature correlating with activity of the dunes. Sands 
from the mobile dunes are mainly reddish yellow (7.5 YR, 
6/6). Fixed dune sands range widely from yellowish red 
(5YR,5/8) for those near the playa, to dark red (2YR,3/6) 
for those far from the playa. The surficial sediments of 
the sandpiain are mainly red to dark red (2.5YR,5/8, 
2YR,3/6). Examined under a binocular, sands from the 
mobile dunes have thin red argillans compared to sands 
from the fixed dunes and sandpiain which have much thicker 
red argillans and sometime are mixed with red clay.
In general, the red colour correlates with stability 
and ages of the sediments (Pye, 1983). In a study of 
dunes of Strzelecki-Simpson dunefield, Wasson (1983) 
demonstrated that this general rule may be inadequate. 
Sometimes other factors, eg. source area may determine the 
colour of dune sediments. In the area around Lake 
Amadeus, the colour of dune sands correlates with the dune 
mobility and distance from the playa. Age is also a 
factor. As presented later (6.2), some dark-red dune 
sediments, termed as red beds, are clearly older than the 
overlying lighter coloured sand dunes.
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Standard procedures were used to analyse size 
distribution of the sediments. The analysis was limited 
to the fraction coarser than 4 phi. The portion finer 
than 4.0 phi is arbitrarily regarded as in the range of 
4.0 to 5.5 phi. Size frequency curves (Fig. 4.1.1 A) of 
the mobile dune sand are very closely with each other, and 
have a mode at 2.75 phi. They are well sorted, with an 
average sorting coefficient (Mason and Folk graphic 
coefficient) of 0.7 phi. The samples taken from fixed 
dunes are similar but are slightly less well sorted. Two 
samples taken from darker-red dunes far from the playa 
have a slightly coarser mode of 2.25 phi (Fig. 4.1.1 B), 
suggesting either different wind regime or different 
sources during formation.
The surficial sediments in the sandplain are more 
poorly sorted (Fig. 4.1.1 B). The mode is 2.7 phi and 
sorting coefficient is 0.85 phi. A shoulder at 1.25 phi 
indicates a subsidiary coarser component.
The portion finer than 4 phi is less than 1% in the 
mobile dune sand, about 2% in the fixed dune sand and 
reaches 8% in the surficial sediments of the sandplain. 
This indicates a general absence of silt and clay in the 
region.
Fine sand can be transported by wind over long 
distances. On a strong windy day following rain, a thin 
sheet- of drifting sand was trapped on the moist playa 
surface extending hundreds of metres from the edge. Two 
samples of unconsolidated sediments were taken from 
depressions on the top of Ayers Rock about 340 m above the
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MOBILE DUNE SAND
FIXED DUNE SAND : LIGHT COLOUR
FIXED DUNE SAND : DARK COLOUR 
SAND PLAIN SURFACE SEDIMENT
6 PHI UNIT
0 .0 6 3  0 .0 3 1 5  MM0.25 0 .1 2 5
Fig. 4 .1 .1 , Size d is tribu tion .
A) Ten samples from  mobile dunes.
B) Average o f samples from  fixed  dunes and sand plain.
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surrounding dunefields and about 50 km south of the playa. 
Their size distributions (Fig. 4.1.2) show 2 components, a 
2.75 phi mode similar to the mobile dune sand, and a 
second coarse fraction. The fine sand is red-stain 
rounded quartz, while the coarse fraction appears to be 
rock debris derived locally by weathering. The fine sand 
might come from the surrounding dune field, climbing the 
Rock along the slopes under strong wind.
In addition to aeolian sand, the playa may 
occasionally receive fluvial sediment. Although it has 
not been observed, heavy rains may cause minor surface 
transport from the marginal terrace into the playa. Over 
a longer period, an extreme event may cause transient 
stream flow after rain, carrying loose materials from a 
larger area of the adjacent sandplain into the playa.
In summary, the following points are relevant:
a) Sand dunes and sand plain are dominant landforms in 
the area around the playa, and aeolian sedimentary 
processes are dominant. The activity of surface 
water is very limited. Some groundwater calcrete 
exists in areas often a considerable distance from 
the playa.
b) Dunes close to the playa often have active crests 
with lighter colours (yellow and reddish yellow). 
Dunes and sand plain far from the playa are often 
fixed and are dark red. Rubifaction appears to be 
a function of both stability and age.
c) Sediment textures display regular patterns. Almost 
all samples from the dunes and sandplain have a
122
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Fig. 4.1 . 2. ,  Sire distribution of samples from sand plain and Ayers Rock.
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modal particle size of 2.75 phi. Sand from active 
dune crests is well sorted (sorting coefficient 0.7 
phi). The sediments of the fixed dunes and 
sandplain often are less sorted with more coarser 
and finer grains.
d) Silt and clay content is low, ranging from less than 
0.5% for the active dunes and to less than 8% for 
samples from fixed dunes and sand plain.
4.2 PLAYA SURFICIAL SEDIMENTS
Topographic and spatial aspects of the 3 main playa 
surface types were described in Chapter 2. Groundwater, 
and playa stratigraphy, are dealt with in Chapters 3 and 6 
respectively. This section concentrates on the surficial 
sediments of the playa, examining their structures, 
mineralogy and textures.
4.2.1 GYPSUM GROUND
The geomorphological features of this surface type 
were presented in 2.2.4.
Crust
The crust of the gypsum ground, characterized by its 
roughness and brown colour, is often weakly cemented to 
"biscuit-like" consistency but is hard when dry. The 
basal contact with underlying sediments is often flat, but
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the upper surface is highly irregular and rough, with a 
thickness ranging from 2 cm to 5 cm. In addition to small 
and evenly distributed voids between particles, many 
variable voids are visible’ in cross-section (Plate,
4.2.1) . Some white salts (mainly NaCl) often occur within 
voids, indicating evaporation and salt accumulation 
immediately below the surface.
The crust contains soluble salts from about 50% to 
60% by weight, mainly halite (NaCl) with minor epsomite 
(MgSÜ4 .7 H2O). From the sulphate levels, gypsum content 
can be calculated on the assumption that all S0 4 = ions are 
bonded to calcium cations. Gypsum contents calculated for 
34 analysed samples range from 38% to 56% by weight. The 
exact value is less because of the existence of other 
sulphates, e.g. epsomite.
Clastic content is low, averaging 11.5% (by weight) 
and varying from 6.2% to 20.5%. Three analysed crust 
samples show a similar size distribution of elastics (Fig.
4.2.1) . Sand is dominant, with a peak at 3.2 phi, a 
little finer than modern mobile dune sand. Silt and clay 
constitute about 25% and 14% respectively. The sand and 
silt portions consist of mainly quartz with minor 
magnetite. The clay portion is a mixture of quartz, 
kaolinite and illite.
The gypsum crystals in the crust, examined by thin 
section, are mainly sand-size prismatic forms. The 
crystals are euhedral with slight corrosion (Plate 4.2.2).
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1 cm
Plate 4 .2 .1 , Thin section of salt crust from gypsum ground, shoving small and larger 
void3.
—  CRUST
CLASTIC BAND
SAND SILT CLAY
10 PHI
UNIT
1 0 .25  0 .063  0 .0 1 5 8  0 .0 0 3 9  MM
Fig. 4.2.1 Size distribution of the samples from the gypsum ground, after 
removing gypsum and soluble salts.
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Plate 4 .2 .2 ,  Thi n section of crust on gypsum ground, showing euhedral 
prismatic gypsum crystals.
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Sub-crust sediments
The gypseous sediments below the crust down to a grey 
quartz sand layer (layer C in Fig 4.2.2), are commonly 50- 
70 cm thick throughout the gypsum ground. These sediments 
are divided into upper and lower parts, shown as layers A 
and B in Fig. 4.2.2. The boundary between is indistict. 
The upper part consists of sub-layers, up to several 
centimetre thick, relatively pure sand-sized gypsum 
crystals, intercalated with thin (<1 cm) bands of clastic 
reddish-brown clayey sand (Plate 4.2.3). The bands are 
approximately horizontal, laterally discontinuous 
(Fig.4.2.2) and sometimes merge. The lower part is 
greyish-brown mixture of gypsum and sandy clay, which is 
described in Chapter 6.
The moisture content increases downwards from 5% to 
10% in the crust to about 20% around the watertable. Dry 
bulk density increases downwards from 0.91 g/cm^ (5 to 
15cm depth range) to 1.20 g/cm^ near the watertable, 
indicating increased compaction with depth. When compared 
to the density of pure gypsum crystal (2.30 g/cm^), the 
low bulk densities reflect very high porosity.
The size distribution and mineral composition of the 
clastic bands are substantially the same as those of the 
crusts (Fig.4.2.1), except the colour is more reddish and 
the bands contain more clay.
Gypsum
In size and morphology, the gypsum crystals in the 
pure gypsum sub-layers show a regular variation from top
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downwards. Size steadily increases (Fig 4.2.3), as shown 
by the four analyzed samples from a core and by 
observations on tens of pits dug in the gypsum ground. 
Short cores SC12 and SC9 taken near the centre of the 
gypsum ground and shown in Plate 4.2.3 illustrate the 
vertical variation. A fine gypsum layer occurs 
immediately below the crust. It extends across the gypsum 
ground, ranging from less than 1cm thick in topographic 
lows to 10cm on elevations. Within this layer, masses of 
small crystals less than 0.2mm are mainly short prisms 
showing slight corrosion. By contrast the few larger 
crystals (0.5 - 1mm) are pyramidal and highly corroded 
(Plate.4.2.4).
Beneath the surficial layer, near 20, 28 and 35 cm, 
thin sections show that small, euhedral crystals are 
absent and crystals are bigger (>0.5mm), pyramidal in 
habit, highly corroded and often with curved and irregular 
surfaces producing elongate forms in which the ratio of 
length/thickness varies from 4 to 5 (Plate 4.2.5) .
Crystal corrosion occurs more in the direction parallel to 
the c axis while lateral growth and recrystalization 
effects can be recognized along the a and b directions 
(Plate 4.2.6). Differential corrosion and lateral growth 
results in the disc-like crystal forms. Additionally, 
crystals are often more corroded on the upper side, and 
clay particles accumulate in the corrosion hollows. The 
under-sides are less corroded and lack adhering elastics 
(Plate 4.2.7). This indicates a downward leaching 
process. Corrosion and overgrowth decrease with depth,
1 3 1
DEPTH (CM)
2 -  8
1 2 - 1 4
20 -  28
32 -  38S£ 20 -
PHI UNIT
0 .0 6 3  MM0.25
Fig. 4 .2 .3 , Size distribution of the gypsum crystals from the pure gypsum 
sub-layers of the gypsum ground, showing a steady increase in 
size from the upper layer downwards.
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1 mm
Plate 4 .2 .4 ,  Thin section (SC9-2, 2cm below crust, see Plate 4.2.3), showing small 
(<0.2 mm) prismatic crystals and larger (o.5 mm) pyramidal crystals.
Plate 4 .2 .5 ,  Thin section (SC1 2 -20, see Plate 4.2.3), showing highly corroded, pyramidal 
crystals. Note more corrosion on up sides.
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1 mm
Plate 4 .2 .6 , Thin section (SCI 2 -2 0 ) ,  shoving lateral growth along a and b axes ( in  elongated 
di rection of the crystals). Note growth l i  nes.
Plate 4 .2 .7 ,  Thin section (SCI 2 -3 5 ) ,  showing more corrosion and clay accumulation on 
upper sides of crystals.
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shown by thin-sections near 20, 28, 35 and 42 cm. At 42 
cm, crystals have less secondary alteration and some 
crystals are prismatic in habit but often lack sharp 
edges, or are fractured, indicating short distance 
transport (Plate 4.2.8).
Genesis
The small euhedral crystals in the crust and the thin 
layer immediately beneath the crust are interpreted as 
having formed interstitially. The surfical layer and the 
crust have low moisture and high soluble salt content, 
indicating evaporite accumulation. Soluble salts vanish 
and reappear with rain events, while gypsum accumulates in 
this surficial layer, being more stable than soluble 
salts.
By contrast, gypsum crystals of the sequence beneath 
the surficial layer down to the watertable are interpreted 
as primary sedimentary gypsum, which has been altered by 
corrosion and recrystalization in the vadose profile. The 
microscopic and crystallographic features of gypsum, 
including those which are environmentally diagnostic, are 
reviewed in Chapter 6.1, to assist stratigraphic 
interpretation. Hence, the origins and diagenesis of 
subsurface gypsum are not discussed further at this point.
The intercalated clastic bands may come originally 
from detrital materials carried by wind and water during 
inundating events, later to be leached or illuviated down 
into the porous gypsum zone.
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1 mm
Plate 4 . 2 . 8 ,  Thin section (SC1 2 -4 2 ) ,  showing prismatic and pyramidal crystals with les3 
secondary alteration. Note crystals have often lost 3harp edges.
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4.2.2 SULPHIDE LOWLAND
This surface type, described in Chapter 2.2.4, is 
characterized by low relief and has a sulphide scained 
surface layer. It exists discontinuously as narrow zones 
along the edges of the gypsum ground.
The surficial sediments consist of 3 layers, a thin 
crust, a sulphide-stained mud layer, and a mixed mud and 
gypsum layer.
A) The thin crust of efflorescent salt is ephemeral.
After rains, surface water tends to lie in the sulphide 
lowland, removing the crust. The crust may re-develop, 
after drying, on some sites where the watertable drops 
sufficiently, e.g. to 20cm below the surface. It does not 
develop if the watertable is less than 10cm deep. The 
crust is often grey, combining effects of both white 
efflorescent salts and black sulphide mud beneath. It 
remains permanently damp and the soluble salt content is 
less than 40%. Clastic materials range from 30 to 40%, 
consisting mainly of quartz sand and silt, plus clays, 
mainly kaolinite and illite. This clastic material is 
finer than for other surface types; the silt fraction in 3 
samples ranged from 32% up to 60.8% (Fig. 4.2.4). The 
sulphide lowland surface, damper than the rest of the 
playa, appears to trap more fine aeolian particles. The 
sand content varies greatly, from 12% to 61%, but shows 
the same 3.2 phi peak as for the crust in the gypsum 
ground.
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SAND SILT CLAY
10 PHI 
UNIT
1 0 .2 5  0 . 0 6 3  0 . 0 1 5 7  0 . 0 0 3 9  MM
Fig. 4 . 2 . 4 ,  Size distribution of surface sediment from the sulphide lowland, after 
removing gypsum and soluble salts.
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B) The sulphide stained mud layer ranges from 0.5 to 2cm 
thick, and is black or dark grey, reflecting fine iron 
sulphides. The iron mineral composition was not analysed. 
Gypsum crystals are rare.
C) A mixed zone of gypsum and mud varies in thickness 
from 3 to 30 cm, and in lithology, from one site to 
another. Sediments consist of gypsum crystals and greyish 
brown sandy clay or clayey sand, mixed in different 
ratios, or forming sub-layers of relative pure gypsum and 
elastics. The gypsum crystals are mainly 1 to 2 mm in 
size and short prismatic and pyramidal in habit, with 
minor corrosion occured on the surfaces perpedicular to 
the C axis and with some overgrowth along a and b axes.
4.2.3 SALT FLAT
This surface type, described in Chapter 2.2.4, covers 
most of the playa. It typically has a flat and relatively 
smooth white crust, about 1cm thick. The underlying 
sediments are dominantly clastic materials which vary in 
colour from yellowish red to grey and in size, from sand, 
clayey sand, to clay. Both the crusts and the sediments 
are moist, containing soluble salts from 29% to 56% in the 
crust and less than 10% in the underlying sediments. The 
sediments are relatively compact with dry unit weight 
often above 1.5 g/cm^.
The crusts contain about 30% of clastic silty sand, 
depending on variations in salt content: before and after 
rain. The size distribution of the silty sand is
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relatively constant between the five samples analysed, and 
has a peak at 3.2 phi. A small amount of coarse silt and 
minor clay also occur (Fig.4.2.5).
Evaporites in the crusts are mainly halite, gypsum and 
minor epsomite. Gypsum crystals, ranging from 0.1mm to 
2mm diameter, have usually prismatic or short prismatic 
habit with a few acicular crystals, with slight corrosion 
or dissolution traces (Plate 4.2.9).
The modern interstitial gypsum in the underlying 
sediments concentrates as clots in the top several 
centimetres (plate 4.2.10), being less than 50% of the 
sediments observed in all pits. Even though the crystals 
may grow in sand or clay, all retain prismatic habit, 
ranging mainly from 0.5 to 2mm, mostly euhedral without 
corrosion (Plates 4.2.11, 4.2.12). This may differ from 
the observation by Bowler and Teller (1983) and Magee 
(1988) of interstitial gypsum in pH neutral sediments 
being usually pyramidal in habit. In Lake Tyrrell modern 
prismatic gypsum crystals are growing in muds under acidic 
environments (Macumber, 1983).
In addition, some local variations of the salt flat 
must be considered. Along the playa margins, a boundary 
zone, from several to tens of meters wide, has a gentle 
slope rising towards the land. Recieving more sand from 
the land as a component washed or blown from the terrace 
and dunes, the surficial sediments in the zone are more 
sandy. The crust is often thinner and less developed than 
the central playa. At site 4 (Fig. 1.6.1), where the 
watertable is below 80 cm, the surface of this marginal
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SAND SILT CLAY
10 PHI
UNIT
1 0 .2 5  0 . 0 6 3  0 . 0 1 5 7  0 . 0 0 3 9  MM
Fig. 4 . 2 . 5 ,  Size distribution of crust from the salt flat, after removing gypsum
and soluble salts.
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Plate 4 .2 .9 , Thin section of crust on salt flat, shoving prismatic and acicular gypsum 
crystals with slight corrosion.
' • "is,
Plate 4.2.1 0 , Shallow trench in the 3alt flat, showing gypsum growing a3 clots in greyish 
quartz sand. The crystals are euhedral, prismatic in habit (Plate 4.2.1 1).
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Plate 4.2.1 1 , Thin section (SCI 6 - 3 ) ,  showing euhedral and prismatic gypsum in te r3 tit ially 
grown in sandy 3ediment3.
Plate 4 .2 .1 2 ,  Top part of core
SC1 07 taken from salt flat, showing 
prismatic gypsum crystals growi ng 
inter3titial 1 y in the clayey 3and.
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zone is dry and covered by a thin layer of loose white 
sand instead of crust. Wind blows the sand to the 
landward margin, where a low (about 40 cm high) and narrow 
(3 to 5 m) shoreline formed (Plate 2.3.1). This white 
sand is quartz, with minor black magnetite. The size 
distribution is identical with the modern mobile dune sand 
(Fig.4.2.6). The extent of this shoreline sand is 
relatively small.
At another salt flat site 2 (Fig.1.6.1), glauberite 
(Na2 SÜ4 .CaS0 4 ) instead of gypsum exists in the surficial 
red sandy clay. Within the top 20cm, small glauberite 
crystals, 1 to 2mm diameter, occur as aggregates 
resembling white worms. Nearer the watertable, larger 
crystals (1 to 3cm, plate 4.2.13) are scattered through 
the red sandy clay. Gypsum is absent from the profile.
The boundary of the glauberite zone is hard to define.
The chemistry of the groundwater at the site is similar to 
other parts of the playa. The appearance of glauberite 
rather than gypsum remains unexplained.
In the area near section 1 (Fig. 1.6.2), the 
concealed spring (Chapters 2 and 3) results in 
concentrated gypsum and carbonates. These sediments occur 
only at restricted sites, a dead mound spring, nearly 2m 
in height and about 10m in diameter, and several concealed 
springs, several metres in diameter.
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MOBILE DUNE SAND
-a -  VHITE SHORELINE SAND
6 PHI UNIT
0 .25  0 .1 2 5  0 .0 6 3  0 .0 3 1 5  0 .0 1 5 7  MM
Fig. 4 .2 .6 ,  Size d is tribu tion  o f mobile dune sand and the w hite  shoreline sand, 
showing the s im ila r ity .
Plate 4.2.1 3 , Crystal 3 of glaube rite grown interstitially in sandy clay about 40 cm below 
playa surface of salt flat (location 3ee site 2 in Fig. 1.6.1).
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4.2.4 SUMMARY
The significant features of the surficial sediments 
can be summarized as follows:
a) The playa surface (crust) is often visibly wet and 
shows no deflation traces except a restricted marginal 
site. Deposition on this bare surface is also very slow. 
The only observed deposition involves a thin (<0.5 mm) 
layer of dune sand blown by wind and trapped by the wet 
surface after rainfall.
b) The unit weight, moisture and salt contents of the 
shallow sediments in the three surface types are 
summarized in Fig. 4.2.7. The low unit weights of the 
gypsum ground profile, from <lg/cm^ in the upper part, 
increasing downward to 1.2 g/cnP at watertable, reflect 
the high porosity of.the gypseous sediments. The 
sediments of salt flat and sulphide lowland have higher 
unit weights from 1.3 to 1.7 g/cm^ and are more compact. 
Moisture content in the gypsum ground is low (<0.8 %) at 
the surface and increases steadily downwards to 20 % at 
the watertable. Both salt flat and sulphide lowland have 
high (10% to 20%) moisture contents at both surface and 
depth. All three surface types have low soluble salt 
contents (<10 %) in the sediments beneath the crusts. The 
salt contents for their crusts, however, are related to 
the moisture contents; they are high (50 to 60%) for 
gypsum ground which have lowest moisture contents (< 8%) 
and they are low (27 to 39%) for sulphide lowland which
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have highest moisture contents (>16%), with values of salt 
flat in between.
c) The crusts of the three surface types consist of 
elastics and evaporites, mainly halite, gypsum and minor 
epsomite. The crust of the gypsum ground contains more 
than 50% soluble salts and less than 20% elastics. The 
crusts of the salt flat and the sulphide lowland often 
contain more than 40% elastics. The soluble salts in 
crusts undergo cyclic dissolution and re-development after 
rainfall. The differences between the crusts of the three 
types in terms of physical features such as thickness and 
roughness are due to different stages of development, as 
discussed in Chapter 5.1, rather than to different 
mineralogy. Gypsum crystals in the crusts are exclusively 
small (<0.2 mm), euhedral and tabular, prismatic or 
acicular in habit. The size distribution of the clastic 
component in the crusts show a modal peak in 3.2 phi 
range, slightly finer than that of the dune sand (2.75 
phi). Silt is generally absent for crusts of the gypsum 
ground and the salt flat, but does occur in crusts of the 
sulphide lowland (up to 60%). This is explained by the 
low and wet surface of the sulphide lowland where surface 
water appears from time to time, forming the best trap for 
dust of local or regional origin.
d) The sediments beneath the crusts are variable, from 
dominantly clastic in the salt flat to the gypsum sequence 
of the gypsum ground. Gypsum is the dominant evaporite 
with some glauberite (Na2S04.CaS04) found in east part of
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the playa. Carbonate is generally absent as expected from 
the groundwater chemistry, with its high salinity 
(>200g/l) and negligible C03= and HCO3“ (< 0.05% total 
ions). However, some carbonate has deposited around 
several concealed springs where upward groundwater seepage 
possesses lower salinity (< 100g/l) with more HCO3- (0.4% 
total ions).
The newly crystallized gypsum, characterized by small, 
euhedral and often prismatic habit, is found throughout 
the playa only in crusts and in a thin layer immediate 
beneath the crusts. These crystals originate by 
interstitial growth within clastic sediments. In similar 
environments elsewhere, pyramidal crystals are more common 
(Bowler and Teller, 1983; Magee, 1988) .
The gypsum sequence of the gypsum ground consists of 
gypsum crystals and clastic bands. The crystals are 
pyramidal in habit, highly corroded in the direction 
parallel to the c axis but recrystallized in directions of 
a and b axis. The features indicate alteration of a pre­
existing deposit rather than generation of new crystals. 
The zone is therefore one of degradation rather than 
accumulation.
4.3 GROUNDWATER GYPSUM BENEATH MARGINAL ZONE
Along the playa margins, there is often a terrace 
(described in 2.2.3), about 0.4 to lm higher than the 
adjacent playa surface and with a width varying from 
several metres to over hundred metres. As described in
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Chapter 3.3, groundwater salinity increases significantly 
across this marginal terrace while the relative 
concentration of Ca++ decreases accordingly (Fig. 3.3.9). 
The groundwaters throughout the playa and the marginal 
terrace are near gypsum saturation. The decrease of 
relative Ca++ concentration probably indicates gypsum 
deposition. There are indeed groundwater gypsum deposits 
beneath the marginal zone.
Fig. 4.3.1 shows the stratigraphy across the marginal 
terrace. Most units represent ancient sediments and are 
described later (chapter 6.3) However, actively forming 
groundwater gypsum (Fig. 4.3.1) is described here.
Groundwater Gypsum
The groundwater gypsum layer (Fig. 4.3.1) extends 
vertically some tens of centimetres below and above the 
watertable. Large gypsum crystals begin appear somewhere 
between trenches P3 and P4 (Fig. 4.3.1). In trenches PI, 
P2 and P3, a partly indurated layer occurs. The 
cementation crosses the sedimentary boundaries between 
different coloured sand layers. The fine grained cement 
is probably gypsum.
In trench sections P4 and P5, this layer shows the 
following features:
1) Gypsum content exceeds 50 %, with clastic clayey 
quartz sand.
2) The gypsum crystals are large, often more than 
several centimetres in diameter, sometimes reaching 10 cm 
or more. They mainly form intergrowths, with assemblages
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such as rosettes (Plate 4.3.1). Discrete single crystals 
are found more at deeper levels, close to or below the 
watertable. Crystals are randomly oriented, without any 
laminations.
3) The habit of the crystals is flattened perpendicular 
to the c axis. Discrete single crystals occur sometimes 
as pyramidal tabular and diamond shapes (Plate. 4.3.2), 
but many crystals show only lenticular form lacking 
distinctive crystal faces. (These gypsum forms are 
reviwed in 6.1).
4) The crystals often contain matrix inclusions 
identical with the surrounding sediments (Plate 4.3.3) . 
Consequently, crystal colour reflects that of the 
enclosing sediments, red or grey.
In the trench section P6, gypsum crystals are of 
lesser abundance and occur more as discrete individuals. 
Crystals often have well-developed (111) faces often 
truncated by (102) to form a tabular habit flattened 
perpendicular to c axis.
This groudwater gypsum layer extends into the playa 
more than 100 m at the south terrace section. In contrast 
with these big crystals at depth, some sand-sized 
prismatic gypsum are forming within the surficial 
sediments of the playa (section 4.2.2). In the main playa 
(several hundred metres away from the margins), this 
groundwater gypsum has rarely been observed.
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Plate 4 .3 .1 , Rosettes of groundwater gypsum from South Terrace.
Plate 4 .3 .2 ,  Discrete crystals of groundwater gyp3um beneath margi nal terrace; diamond 
habit (two examples at lower le ft) and pyramidal tabular (c f Fig. 6.1.2).
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Plate 4 .3 .3 , Thin section of interlocked groundwater gypsum, showing enclosed quartz 3and3.
154
Summary
1) Beneath the marginal terrace, the transitional zone 
between playa brine and the regional groundwater 
provides favourable conditions for interstitial 
gypsum deposition.
2) A zone of large groundwater gypsum crystals exist 
beneath the marginal terrace and extends into the 
playa.
3) The groundwater gypsum formed here differs from both 
that forming in the playa surficial layer, and from 
that formed from saturated solution by:
a) large size, intergrowth;
b) random orientation, without lamination;
c) containing inclusions of host material and 
inheriting the colour of the matrix;
d) (111) and. (102) faces form crystals flattened 
perpendicular to the c axis.
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CHAPTER FIVE - PROCESSES OF AMADEUS PLAYA
In this chapter, the data presented in above chapters 
are summarized and discussed. To explain the absence of 
significant salt accumulation on the playa surface, the 
water and salt movements in the vadose zone of the playa 
are examined under the modern hydrological conditions.
The long-term salt balance in the system is then examined.
5.1 WATER AND SALT MOVEMENT IN THE VADOSE ZONE: 
MECHANISM FOR ABSENCE OF SUBSTANTIAL SALT 
ACCUMULATION ON THE PLAYA SURFACE
A distinct feature of Lake Amadeus and many other 
Australian playas is the absence of any substantial salt 
accumulation, either below or on the playa surface. In 
many terminal lake systems, although no overflow flushing 
has occured, there is either an absence or unexpectedly 
small accumulation of evaporite salts. This is the case 
at Lake George (Singh et al, 1985), Lake Eyre (Bonython, 
1956) , Lake Tyrrell (Macumber, 1983) , Lake Frome and other 
playa systems. Indeed one major characteristic of 
Australian playas is the absence of significant evaporite 
deposits despite long periods of which the surface 
hydrology has remained "closed" under stable climate and 
tectonic conditions.
At Lake Amadeus this presents a problem when the long 
existence of the playa is considered. Saline groundwater 
is continously transported to the playa surface, where
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freshwater is evaporated and the dissolved salts are left. 
If these salts were to stay on playa surface without any 
movement thereafter, significant salt accumulation would 
eventuate. For example, if net evaporation is taken as 50 
mm/y, brine salinity as 250 g/1 and salt unit weight as 2 
g/cm^, the salt crusts (pure evaporites) should thicken 
at a rate of 0.625 cm/y, or 6.25 m per 1000 years.
Although there is no precise chronological control, in 
late Holocene time, climates and geomorphic processes 
appear not to have changed significantly (Section 8.3). 
Therefore, the absence of thick salt crust requires 
explanation.
Fig. 5.1.1 shows a simplified model of water and salt 
movements in the vadose zone. Runoff into the modern 
playa is negligible, and rainfall is the only meteoric 
water input to the playa surface. This rain water may 
have 3 circulation routes (Fig 5.1.1) . R1 is the portion 
absorbed and intercepted by the unsaturated crusts; R2 
infiltrates but cannot reach the watertable. R3 is the 
portion reaching the watertable; this may leach salts down 
to the groundwater pool. Evaporation is the only water 
loss from the surface.
The salt balance of the vadose zone can then be 
expressed by the 3 salt fluxes between the vadose zone and 
the groundwater pool.
Gw *sGw - Df - R3*Sr3 = Va (5.1)
Va -- Variation of salt storage of the vadose zone.
Gw —  Groundwater upflow caused by evaporation.
SGw —  Salinity of the groundwater.
Vadose
zone
Fig. 5.1.1, A model of water (solid lines) and salt
(dashed lines) movement of the vadose zone. For full 
description refer to text.
R - Total rainfall.
R1 - Fractional rain water evaporated from durface.
R2 - Fractional rain water to shallow infilltrate.
R3 - Fractional rain water to groundwater.
E - Evaporation.
D - Diffusion.
Gw - Groundwater upflow caused by evaporation.
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Df -- Salt flux caused by diffusion.
R3 -- Rainwater infiltrating and reaching the 
watertable.
SR3 -- Salinity of R3 when reaching watertable.
The absence of any substantial salt accumulation on 
the surfaces is obviously a long-standing feature, 
indicating Va=0 on a long time scale (years). Therefore, 
Gw*Sqw - Df - R3*Sr3 = 0 
or
Gw *SGw = Df + R3*Sr3 (5.2)
Fig. 5.1.1 and formula (5.2) indicate rainfall leaching 
and diffusion could be processes which balance the salt 
upward flux caused by evaporation loss. This is examined 
below.
Salt content profiles and solute diffusion
Ionic diffusion occurs wherever a solute concentration 
gradient exists. The salt flux caused by diffusion can 
be estimated by Fick's first law:
F = -D * dC/dX (5.3)
where F is the mass flux through a cross unit area per 
unit time; D is the diffusion coefficient; C is the 
solute concentration and dC/dX is the concentration 
gradient. Coefficient D depends on the nature of the 
medium, and on temperature. Lai and Mortland (1962) 
obtained a value of D for Na+ diffusion through a clay 
plug, as 5*10E-6 cm^/s or 158 cm^/y. Ullman (1985)
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estimated a value of D for Cl” diffusion in muddy 
sediments of Lake Eyre as 0.61 cm^/day or 223 cm^/y.
The concentration gradient dC/dX of the playa may vary 
with different surface types, and is likely to be altered 
by rainfall infiltration. Profiles of soluble salt 
contents during dry seasons were shown in section 4.2 
(Fig. 4.2.7). However, these include both dissolved salts 
and possible solid salts. To examine solute diffusion, 
profiles of salt concentration of pore water are needed.
A parameter of NaCl saturation degree (SD) is used to 
show whether the pore water is saturated with halite.
NaCl is assumed to be the only significant soluble salt in 
the vadose zone. SD is defined as:
extractable salt concentration
SD ----------------------------------
salt concentration at saturation
Saturation for NaCl at average Central Australian
temperatures is about 330 g/1. Extractable salt
concentration, ESC, is salt content measured by leaching,
divided by moisture content measured by weight loss on
drying (section 4.2). A NaCl saturated solution has a
density about 1.223 (formula 3.3.1), and has 0.33g salt
per cubic centimetre of solute; ratio of salt to water is
0.33/(1.223-0.33)=0.3695. SD is therefore:
SD = 1/0.3695*ESC*100% = 2.706*ESC*100% (5.4)
The depth profiles of SD (Fig. 5.1.2) show that all 3
surface types have SD>100% and therefore have some solid
salts in the surficial salt crust and within the vadose
sediments below the crust. SD becomes around 100%
approaching the permanent watertable. There must be a
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Plate 5 .1 .1 ,  Salt cru3t (< 1 cm thick) on the playa surface (salt f la t).
Plate 5 .1 .2 ,  Site of Plate 5.1.1 after rain (>1 0 mm). The salt crust ha3 totally disappeared.
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gypsum ground became wet and soft, lost the visible white 
salts on surface but the roughness and thickness basically 
remained. A layer of surface water up to 5 cm appeared in 
the sulphide lowland.
Salt content of the crust in the salt flat averages 
about 0.4 g/cm3. The crust is about 1 cm thick. To form 
a halite saturated solution (density 1.223 and salinity 
330 g/1) with 0.4 g salts, 1.08 g fresh water is required. 
This means that rainfall of 10.8 mm can theoretically 
dissolve the salt crust. This is entirely compatible with 
the observations.
A portion of the salts dissolved may not reach the 
groundwater pool but may move back to the surface through 
route R2 (Fig. 5.1.1). The salts leached down to the 
groundwater pool by R3 (Fig. 5.1.1) are eventually 
returned to the playa surface by groundwater upflow to 
meet the evaporation loss. It is convenient to evaluate 
this salt leaching together with the salt up-flux.
When a playa is in discharge phase, the total 
evaporation consists theoretically of 2 parts; one 
component is total rainfall (R1+R2+R3, Fig. 5.1.1), the 
other is net evaporation (NE). Therefore, formula (5.2) 
becomes:
(NE+R3)*SQw - Df - R3*Sr3 = 0 
or NE*SGw = R3*(Sr 3-SGw) + Df (5.5)
NE*SGw is the salt upflux caused by the net 
evaporation. As shown in Fig 3.2.1, the groundwater 
density of both the gypsum-ground and the salt flat did 
not change even after the 24 mm rain. Therefore, SGw can
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be regarded as the groundwater salinity, at present 0.25 
g/cm2 in the playa. The upper limit for NE is estimated 
as 70 mm/y (section 3.5). Therefore, the maximum of this 
salt upflux is 7cm * 0.25 g/cm2 = 1.75 g/cm2*y.
The term R3*(Sr 3~Sgw) is the resultant of recharge 
flux R3 in recycling from leaching, to re-evaporation. R3 
can be roughly estimated from watertable rise after rains 
(Fig 3.2.1) and the proportion of sediment voids (Fig. 
4.2.7), assuming watertable is affected only by the 
rainfall events. The results are highly variable in the 3 
surface types, but exceed 40% of rainfall for observed 
events. Sqw is groundwater salinity; Spj is not known. A 
maximum limit on downward flux may be estimated on the 
assumption that 100% of the 25 cm annual rainfall reaches 
watertable with salinity of 0.33g/cm2 (halite satuation):
25* (0.33 - 0.25) = 2.0 g/cm2*y 
This provides an estimate of the possible magnitude of the 
leaching effect.
To sum up, the uncertainties make it difficult to 
reliably evaluate formula (5.5). However, feasible 
estimates indicate a balance can exist. Maximum upward 
salt flux (caused by net evaporation) is 1.75 g/cm2/y, 
while downward flux (caused by diffusion) may reach 1.6 
g/cm2/y. The resultant effect of recharge rainfall 
remains uncertain but may cause a maximum downward flux of 
2.0 g/cm2/y. In fact, a balanced state does exist, 
indicated by the field observations, ie. only thin salt 
crust forms on the surface which grows during non-rain 
periods but disappears after major rain events.
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This balance can exist only while groundwater salinity 
is below saturation. Both diffusion and recharge salt 
flux depend on a downward concentration gradient. Both 
terms approach zero as groundwater approaches saturation. 
This must inevitably occur, while there is net evaporative 
loss from the playa.
Variation in thickness of salt crust
In general, a salt crust will form if the watertable 
lies within evaporative range of the surface, with the 
evaporation rate high enough to maintain an upwards salt 
flux at least equalling the downward fluxes. Once formed, 
the salt crust reduces evaporation by a factor of ten or 
even a hundred times, which makes it possible for 
diffusion and rain leaching to balance the upward salt 
flux. Therefore, a salt crust is a product of a dynamic 
equilibrium between processes transporting salts upwards 
and downwards. Variations of these processes would cause 
variations in salt crustal features.
At Lake Amadeus, the variation in salt crust 
thickness, between the three surface types, may be 
controlled mainly by different leaching and dissolution 
effects. The same rainfall may have a higher leaching 
efficiency in the sulphide lowland and the salt-flat, 
because of slower infiltration in the fine sediments than 
in the gypsum ground. Water may stand for long periods in 
the sulphide lowland, sometimes in the salt-flat but was 
never observed in the gypsum-ground, presumably because of 
its elevation (20 to 40 cm above its surroundings). A
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rain event such as 25 mm/d may occur twice per year, and 
an event of 50 mm/d once per year. Rainfall of 25 mm can 
produce surface water inundating all sulphide lowland and 
a small portion of the salt-flat. In such a regime, ’ crust 
development intervals may be restricted to months for the 
sulphide lowland, from months to years for the salt-flat 
but may be longer for the gypsum-ground.
Even the gypsum ground is in salt equilibrium.
However the salt crust there is relatively old, consistent 
with its greater thickness and development of its more 
complex morphology. By comparison, the crusts of other 
two surface types remain in an early development stage. 
During the field period, including a month without rain, 
the development of the crusts in the salt flat was 
noticeable. Irregular pressure ridges with buckling 
develop firstly on smooth, thin crusts, growing from small 
to larger features and often later breaking. The 
thickening and newly developed buckles produced thicker 
and rougher crusts which would be reconstituted to a thin 
and smooth surface after heavy rain. By comparison, the 
crust, of the gypsum ground retained its roughness and 
thickness.
Implication
This Amadeus case represents a groundwater controlled 
playa, with essential conditions as:
i) The salinity of the groundwater is below halite
saturation.
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ii) The long-term watertable stands mainly 20-50 cm 
below the surface, and provides groundwater to the playa 
surface by capillary evaporative loss.
iii) While there is probably net evaporation (NE), 
causing long-term salt concentration in the system, the 
value of NE is low and uncertain (Chapter 3).
iv) A thin (1 to 5 cm) salt crust forms on the playa 
surface. Many other major Australian playas have 
conditions resembling those of Lake Amadeus and also have 
thin salt crust (from less than 1cm to several 
centimetres), e.g. Lake Torrens (Schmid, 1985), Lake 
Gairdner (Johns, 1967) and Lake Napperby. These playas 
may resemble Lake Amadeus, where net upward salt movement 
in a regime of low net evaporation, is balanced by the 
downward flux resulting mainly from rain leaching and 
possibly also from diffusion. Assuming that these remain 
as groundwater-discharge systems, the groundwater brine 
must slowly approach saturation. When this occurs, salt 
cycling between phreatic and vadose zones ceases and the 
salt crust then will thicken steadily. However, in so 
many cases, it has not occured despite thousands of years 
of evolution under stable conditions. There must be other 
factors preventing the salinities of groundwater pools 
from reaching saturation. Although this problem cannot be 
solved within a Ph.D. thesis time scale, some relevant 
aspects are discussed in following sections 5.2 and 5.3.
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5.2 BRINE EVOLUTION: LONG-TERM SALT BALANCE
In the discussion of salt balance of the vadose zone 
(5.1), the groundwater salinity was assumed to be stable. 
Over a short period, this is acceptable. For example, the 
groundwater salinity showed no detectable change from 1985 
to 1986 (chapter 3.3). However, as evaporative 
concentration continues, groundwater salinity should 
increase over a longer period. The groundwater salinity 
of Lake Amadeus and other major Australian playas are 
generally below halite saturation, which, as discussed in 
5.1, is the essential condition for the absence of any 
substantial salt deposits. These similar salinities and 
the absence of salt deposits may reflect common evolution 
of the Australian playas.
It will be shown in Chapters 6 and 7 that playa 
sedimentation under semi-arid to arid conditions has 
occured at Amadeus for at least 1 million years. Simple 
calculation shows that salt concentration in the brine 
pool cannot develop uniformly throughout this period, at 
least under conditions similar to the present. This 
section examines the long-term salt balance, and shows 
that the playa water balance is likely to have changed in 
late Quaternary times.
5.2.1 APPARENT AGE OF THE BRINE POOL
Lake Amadeus at present is a closed system for surface 
water, and possibly also for groundwater. Therefore, the
169
dissolved salts brought in by groundwater inflow or other 
sources would accumulate in the brine pool. From the 
quantity of salt in the brine pool, the salt concentration 
in the source water and the appearent rates of net 
evaporation, one can estimate the time needed for the 
brine to accumulate. Halite in solution is the main salt 
involved.
Jacobson (1988) estimated that the brine formed over 
the last 16,000 years, using the following figures. The 
brine pool was assumed to extend below Lakes Amadeus, Neal 
and Hopkins, an area of 1,500 km^. it was assumed to have 
an average ccncentration of 200 g/1, extending to 100 m 
depth, in sediments with a volumetric water content of 
20%. Jacobson thus estimated the total dissolved salt in 
the brine pool as 6 *1 0 ^  kg. He assumed that annual net 
evaporation (NE) is 50 mm over the entire area of 1,500 
km^, giving a total NE of 7.5*10^ m^/year. With an 
assumed initial salt concentration of 5g/l in the regional 
groundwater, this comes to a salt inflow to the playa 
brine pool of 3.75*10® kg/year. Dividing this into the 
quantity of salt in the brine pool gives an accumulation 
time of 16,000 years. It is noted that Jacobson appears 
to have an arithmetical error in this division, as he 
states the result to be 12,000 years (Jacobson,
1988:p.308).
The author gets a similar result, using slightly 
different figures. Considering Amadeus alone, the playa 
area of 800 km^ is the minimum size of the brine body.
With a thickness of 100 m and an average concentration of
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250 g/1 in sediments with a volumetric water content of 35 
%, the total dissolved salt in the brine pool is 1* 10^  
kg. Evaporation is considered to occur from the salt flat 
and sulphide lowland at 50 mm/year, but is regarded as 
negligible from the gypsum ground. The evaporative area 
is taken as 600 km^. The initial salt concentration in 
the regional groundwater is not known, but is taken as 
being between Jacobson's value of 5g/l, and the value of 
30 g/1 measured by the author about 500m from the playa. 
Salt inflow rate thus is in the range 1.5*10® to 9*10® 
kg/year, and the time for accumulation is 7,800 to 47,000 
years.
All these results are very much smaller than the 
minimum stratigraphic age of over 1 million years, which 
has been determined for Lake Amadeus playa (chapter 7). 
These estimate of brine pool age are sensitive to the 
assumed rate of net evaporation, however. The lower the 
long-term rate the greater will be the time for brine pool 
formation. The discrepancy between the age of the playa 
and the above estimates of age of the brine suggests that 
the long-term value of net evaporation has been 
substantially less than the present-day value of about 50 
mm/year. This conclusion can be checked by examining the 
gypsum budget.
5.2.2 ASPECTS OF THE GYPSUM BUDGET
Gypsum in solution passes through the brine pool and 
can precipitate from standing water, when this occurs on
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the playa surface. Some gypsum precipitation from 
groundwater is indicated by veins within the playa 
sediments (Chapter 6.2), and locally within the marginal 
terrace (chapter 4.3). However, subsurface precipitation 
does not appear to be substantial, in contrast with 
episodes of gypsum sedimentation from surface water on the 
playa, which have occured in the past. These episodes are 
represented by beds of sedimentary gypsum within the playa 
stratigraphy, described in chapter 6.3. Additionally, the 
gypsum in dunes around the playa originated as sedimentary 
gypsum deflated from the playa in the past. The apparent 
time required for this gypsum to accumulate can be 
estimated, as it was for the brine pool.
It is shown in chapter 6.3 that the upper few metres 
of playa sediments, the deposits of the marginal terraces, 
and the gypseous dunes are referred to as the Winmatti 
Beds, and are distinct from the underlying deposits. Most 
Winmatti Beds sediments deposited since the younger 
gypseous dune formation within the last 60,000 years 
(chapter 8.3). The quantities of gypsum in the playa 
sequence of the Winmatti Beds, the marginal terrace, and 
the gypseous dunes are estimated in Table 5.2.1. The 
total is approximately 1 .2 *1 0 -^  kg, and the amount since 
the younger gypseous dune formation may be taken as 10x  ^
kg.
The concentration of dissolved gypsum in 83 Amadeus 
groundwater samples is fairly constant at 4 g/1, in waters 
ranging in salinity from 30 to 250 g/1 (Fig. 3.3.5 in 
chapter 3.3). Hence it is assumed that groundwater lost
UNIT AREA (m2) THICKNESS
(m)
GYPSUM
CONTENT
%
UNIT
WEIGHT
kg/m3
GYPSUM
k g
Modem Playa 7.1X108 0.05 20 1,300 ' 9.23X109
Gypsum Terrace 10? 1 40 1,500 6X109
Winmatti Playa
sequence
7.1X108 2.5 30 1,500 8X1011
Beds Gypseous
dunes
io8 - 5 50 1,600 4X1011
Table 5.2.1, Amount of gypsum deposits in mordem units and Winmatti Beds.
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from the playa surface has 4 g/1 gypsum, whatever the 
groundwater brine concentration in the past. Net 
evaporation at 50 mm/year gives 3.5*107 m^/year, if the 
whole playa is involved. At 4 g/1 this is 1.4*10® kg/year 
of gypsum deposition. At this rate, 1012 kg of gypsum 
would accumulate in 7,250 years. This is similar to the 
lower estimates of the age of the brine pool in 5.2.1, and 
is substantially less than the 50,000 year age of the 
gypseous sediments included in the calculation. Once 
again the result suggests that the net evaporation figure 
of 50 mm/year is too high, for long-term calculations.
5.2.3 DISCUSSION
In discussing brine pool formation and the gypsum 
budget, it was assumed that neither halite nor gypsum have 
been lost from the system. Deflation of sedimentary 
gypsum, and possibly halite, and wind transport of these 
as fine grains, may have occured in the past. If the loss 
from the system had been substantial, then the 
discrepancies between calculated ages and known geologic 
ages of the playa and its deposits could be explained.
The distribution of gypseous dunes, which are confined to 
the playa margin, argues against extensive deflation.
Hence the conclusion reached above, that long-term net 
evaporation of groundwater is substantially less than 50 
mm/year, may be correct.
It is shown in later chapters that surface conditions 
at Lake Amadeus are likely to have changed substantially
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in the past. The stratigraphic analysis (chapter 6) 
demonstrates that the playa has periodically changed to a 
vegetated, stable sand plain which was likely in a 
RECHARGE phase. This completely changes the whole 
hydrologic processes. The ways in which the brine pool 
and gypsum formation could have been affected therefore 
are discussed later (chapters 8 and 9) .
5.3 SUMMARY: LAKE ANADEUS IN RELATION TO OTHER PLAYAS
As shown above, the problem of the long-term salt 
balance suggests that conditions at Lake Amadeus have 
changed in the past. In considering past conditions, it 
is useful to view present Lake Amadeus in relation to 
other playas. The major hydrologic features which are 
most relevant to comparison with other playas may be 
summarised:
1. The Amadeus playa remains generally dry with only 
transient surface water in a small area after few heavy 
rainfall (>20mm/day) events.
2. The watertable stands below the surface but still 
provides a groundwater contribution to the surface by 
capillary loss.
3. Evaporation occurs dominantly from the salt-flats with 
ephemeral formation of salt encrusted surface. The net 
evaporation is very low and probably much lower than the 
upper limit of 70mm/y derived in Chapter 3.4.
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4. Salinity of shallow groundwater, concentrated by 
surface evaporation approaches but does not exceed halite 
saturation.
The groundwater salinity is a feature of long 
evolution, most likely due to very slow salt concentration 
through very low total evaporation from the playa system. 
This very slow rate of salt concentration distinguishes 
Lake Amadeus and some similar Australian playas from many 
playas in other parts of the world and reflects both 
topographic and hydrologic factors.
In the Amadeus case, fiat regional topography is 
possibly the most important influence on the low salt 
concentration rate. The surrounding dune fields restrict 
runoff, so that the playa only receives rainfall, in 
addition to groundwater discharge. Because of the low 
relief of the region, the watertable has an extremely low 
gradient, and groundwater flow rate is very low. 
Additionally, any rise in the level of surface water in 
playa, due to sustained rainfall, may result in a 
temporary recharging process and an expanding groundwater 
pool. By contrast, playas in high relief regions are 
likely to receive more surface runoff, and will have 
steeper watertable gradients. With steeper gradients, any 
standing water level in the playa is unlikely to exceed 
the adjacent watertable, thus providing conditions 
favourable for brine concentration.
Many Australian playas have similar settings and 
similar features as Lake Amadeus. Several others, such as 
Lake Eyre, Lake Frome and Lake Tyrrell, have large surface
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catchments which, with ephemeral flooding, provide a large 
surface salt component augmenting that available from 
groundwater discharge. In these 3 playas, groundwater 
salinities are close to halite saturation and there are 
some permanent halite crusts, up to 40cm in Lake Eyre 
(Dulhunty, 1974), more than 10 cm in Lake Tyrrell (Teller, 
et al., 1982), and 20cm in Lake Frome (Draper and Jensen, 
1976) .
On other continents, there are many "active" playas 
which have much higher salt concentration rates indicated 
by high water through flow, especially saline groundwater 
seeped out from basin margins. Evaporative loss, occuring 
more often from water surface, is much higher, resulting 
in a much higher salt inflow rate. Several examples of 
such "active saline lakes", Lake Magadi in Africa, Deep 
Springs Lake in eastern California, the Dead Sea of Middle 
East and Great Salt Lake of Utah, are described by Eugster 
and Hardie(1978).
Despite the individual differences between these 
playas outside Australia, all are located in basins with 
high relief and with significant surface runoff and 
groundwater inflows (often as saline springs).
Evaporative loss occurs mainly from the permanent or semi­
permanent surface brines, producing high salt 
concentration rates and resulting in high water salinity 
and precipitation of soluble salts such as halite. 
Substantial amount of salts may deposit during long period 
in a basin under these conditions as found in some acient 
saline lakes, eg. Searles Lake of eastern California
(Smith, 1979) and salt lakes in Qaidam Basin of western 
China (Chen and Bowler, 1986), which had similar settings 
providing high salt concentration.
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This thesis does not intend to thoroughly compare Lake 
Amadeus with other salt lakes. This simple comparison 
with "active" salt lakes stresses that Lake Amadeus with 
low regional relief and negligible surface runoff, is at 
the "low activity" end in the array of playas on a global
scale.
CHAPTER SIX STRATIGRAPHY AND SEDIMENTOLOGY
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6.1 INTRODUCTION
Playa evolution has been investigated by studying the 
sediments preserved in the playa and on the marginal land. 
In such a flat landscape, exposures are rare. Four 15 m 
cores and 12 short cores, from 50 to 180 cm below the 
playa surface, were taken (location are shown in Fig 
6.1.1) . More than 30 auger holes and trenches provided 
access to shallow units in the playa and across the 
marginal zone.
6.1.1 MAIN LIMITATION
Some limitations were encountered in the 
reconstruction of the playa history. A broad framework of 
the playa stratigraphy and chronology has been 
established. Only two dating methods, thermoluminescence 
(TL) and palaeomagnetism are practical in this study 
(1.6). The former is adapted for dating aeolian 
sediments; the latter provides a general framework within 
the magnetic polarity boundaries, for stratigraphic 
sequences. Stratigraphic discontinuities impose limits on 
reliability of palaeomagnetic interpretations.
Additionally the stratigraphic relationships between the 
playa and its marginal land are sometimes unclear, due to 
lack of adequate exposures.
Interpretation of paleoenvironments is similarly 
constrained. Biological data are unavailable; fossils are
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not preserved in the slowly-accumulating sediments under 
the prevailing saline and oxidising environments. 
Preliminary examination to assess potential for pollen 
analysis (Luly, pers. comm.) proved unsuccessful. 
Interpretation of the ancient environments relys only on 
sedimentary data.
Because of inherent uncertainties, some discussion is 
involved in presenting stratigraphy and the playa 
evolution in general. The order of presentation is as 
follows:
a) This chapter describes the sedimentary units, their 
lithology, morphology, distribution and contacts between 
them. The sedimentary environments are then discussed.
b) Results of Paleomagnetism and TL dating are presented 
in chapter 7. Stratigraphy and chronology are then 
summarized and discussed.
c) Evolution of the playa is discussed in chapter 8, 
based on the results presented in chapters 6 and 7.
6.1.2 FACIES ANALYSIS - A FRAMEWORK
Previous sedimentologic studies of Australian playa 
environments (Bowler, 1971, 1986; Bowler & Teller, 1986;
An et al♦, 1986; Bowler and Magee, in prep.; Magee, 1988; 
Magee, et al., in prep.) and the modern sediments in the 
Lake Amadeus system (Chapter 4) provide a framwork for 
interpretation of the Amadeus playa sediments. Bowler and 
Teller (1986) established a classification of playa 
sedimentary facies, which can be linked to evolutionary 
sequences from deep water to a dry-lake phase. This
sedimentary series, supplemented by Magee's (1988) work, 
can be briefly summarized as follows:
A) elastics.
Detrital elastics vary from non-bedded, non-oriented, 
often calcareous clays in deep water facies to thinly 
laminated, oriented clays in clay-gypsum laminites under 
shallow water conditions. Quartz sand is common in 
shallow water and salt pan facies.
B) Evaporites, including:
Carbonate: deposited in low to intermediate water depth 
and salinity, often as fine-grained dolomite and high- 
magnesium calcite associated with laminated clay zones. 
Additionally, in playa Lake Prungle, Magee (1988) 
identified biogenic and bio-induced carbonates as ostracod 
remains and algal mat carbonate earthy marls respectively. 
The ostracods indicate a permanent water of moderate 
salinity while the algal mat sediments indicates shallow 
water to ephemerally dry conditions (Magee, 1988) . 
Sub-aaueous gypsum: deposited in shallow water with 
salinity around 120g/l to salt pan (seasonally dry) phase. 
Sub-aqueous gypsum can be divided into primary 
precipitates and clastic or transported and redeposited 
crystals (Magee, 1988) . Gypsum crystal characteristics 
which are environmentally important, are described in 
detail below.
Primary precipitates frequently occur as prismatic 
crystals with clay draping, forming planar laminae. The 
crystals have vertical orientation if they grow at 
sediment-brine interface, or horizontal orientation if 
they crystallize within brine and settle to the bottom
(the 'Settled' type of Magee, 1988). Both orientations 
occur when crystals continue to grow after settling, 
producing larger bladed forms (the 'Sedentary' type of 
Bowler and Teller, 1986). The clastic gypsum may have 
both prismatic and pyramidal shape but is characterized by 
abrasion, and is associated with sorting, graded bedding, 
ripple cross laminae and horizontal orientation (Magee, 
1988).
Displacive gypsum; deposited in host sediments during the 
playa phase where the playa surface is intersected by the 
capillary fringe of watertable.
Halite: deposited as a ephemeral crust when playa is 
seasonally dry (salt pan phase).
C) Clay pellets.
Sand and silt sized clay aggregates develop during playa 
phase when the watertable is low and the capillary fringe 
seasonally intersects the playa floor. Halite and other 
soluble salt crystals grow within clay sediments breaking 
up the clay and forming clay pellets which are subject to 
deflation (Bowler, 1973; Bowler, 1983).
D) Soil formation.
The playa floor may be vegetated and soil develops when 
the watertable remains deep all year.
In addition, dust may be a possible sediment 
component. An aeolian suspended load sediment called 
'parna' by Butler (1956) is distributed widely in 
southeastern Australia. It consists of 30% to 70% clay 
believed to be deposited originaly as silt-sized 
aggregates (Butler and Hutton, 1956) . Its non-clay 
portion is well sorted but the modal size varies from 200
microns (about 2.5 Phi) to 30 microns (about 5 Phi), 
according to the distance leeward of the parent sand dune 
zones (Butler and Hutton, 1956).
Sediments of Lake Amadeus, described in detail later, 
can be similarly classified into 2 major groups: elastics 
and evaporites. The elastics consist dominantly of clay 
and sand with only minor silt. In particle size 
distributions (eg. Figs 4.2.1, 6.2.5) silt forms a 
shoulder in the curves rather than an independent modal 
peak, with the exception of a surface sample from the 
sulphide lowland. Aeolian sand from marginal dunes can be 
blown onto the playa surface (see Chapter 4.2) but dust, 
transported over long-distance, is very limited in the 
playa surficial sediments. Moreover, clay pellets have 
not been observed in the Lake Amadeus system, neither as 
modern components on the playa floor nor as ancient 
deposits in the marginal dune sequence. This difference 
constitutes one of major distinguishing features between 
Amadeus and playas in southeastern Australia.
The evaporites are dominated by gypsum with other 
minor components as below:
a) Halite and other more soluble salts, such as 
epsomite, occur dominantly as thin, ephemeral crusts 
subject to periodic dissolution.
b) Glauberite, having similar occurrence as gypsum but 
limited in quantity and distribution (see 4.2).
c) Carbonate is generally absent from playa sediments.
It occurs in limited amounts, as a primary component at 
several now inactive springs, and as a secondary component
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in some pedogenic gypsum sediments and in small amounts in 
playa clay sequences.
Gypsum Description
Because of the widespread occurrence of gypsum in Lake 
Amadeus sediments and the influence of environmental 
parameters on gypsum growth forms, the sedimentology and 
origin of gypsum is important in the interpretation of 
depositional environments. For this reason 
environmentally diagnostic features of gypsum are 
discussed here.
Gypsum (CaSC>4.2H20) has a density of 2.30 to 2.37 and 
a hardness of 2. The crystal belongs to the monoclinic 
system. Those discrete crystal forms, which occur 
commonly in Lake Amadeus, are shown (Fig. 6.1.2).
The crystallization habits are influenced by chemical 
and physical conditions. This permits some reconstruction 
of depositional environments from the study of crystal 
morphology. The controlling factors are summarized from 
experimental studies (Table 6.1.1). When more than one 
factor is in operation often in opposition, the situation 
becomes complicated; crystal habit is rarely predictable 
from a single factor. However, one observation is 
particularly important. Gypsum growth favours prismatic 
habit but some factors, eg. organic matter, will promote 
pyramidal habit, flattening at right angles to the c-axis. 
Given sufficient.time, prismatic or tabular crystals tend 
to recrystallize with flattened habits (Cody, 1976).
Compared to the well controlled conditions in 
laboratory experiments, natural sedimentary environments
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are often more complicated and variable through time. 
Diverse gypsum sediments have been widely reported and 
described throughout the world. In addition to single 
crystal morphology, many aspects of sedimentary textures 
and structures are used to relate or infer the sedimentary 
environments (Arakel and McConchie, 1982; Schreiber, 1978; 
Warren, 1982; Caldwell, 1977; Bowler and Teller, 1986; 
Magee, 1988).
A number of different classification systems of gypsum 
sediments, have been used (Warren, 1982; Caldwell, 1977; 
Bowler and Teller, 1986; Magee, 1988) .
The system used in this thesis follows Magee's (1988) 
classification which is developed from Caldwell's (1976) 
system. In this system, the higher order divisions are 
genetically based and the lower orders are descriptively 
based. Six major gypsum types are recognized in Lake 
Amadeus sediments. The first 4 are dominated by primary 
gypsum sedimentary features; the last 2 types are 
characterized by secondary alteration of pre-existing 
gypsum sediments.
The typical sedimentary features of the above gypsum 
types are summarized in Table 6.1.2. The depositional 
environments are as follows:
A) Shallow water clastic gypsum.
This type is deposited as a sub-aqueous primary 
precipitate but shows evidence of short distance 
transport, reflecting agitation in shallow water 
conditions. One sub-type contains pure gypsum and relates 
to relatively deeper and clastic free brine and another
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sub-type is reworked gypsum mixed with clastic matrix, 
reflecting more changable conditions.
B) Capillary fringe groundwater gypsum.
This type is deposited within a pre-existing sediment 
medium by displacive growth within the groundwater 
capillary fringe. Because of this relationship to the 
watertable, this type is found in the surficial layer of 
the playa and at greater depth beneath the marginal 
terrace.
C) Other groundwater gypsum.
This type does not correlate with watertable. One 
sub-type is vein gypsum occuring as spar crystals filling 
cracks in clays of the playa sediment sequence. Another 
sub-type results from spring activity, forming a cemented 
mass at spring water seepage zones.
D) Aeolian gypsum.
This type consists of crystals originally precipitated 
in the playa but later deflated and re-deposited along the 
playa margins.
E) Playa gypsum with secondary alteration.
This type includes playa gypsum strongly affected by 
secondary alteration. One sub-type is the surficial brown 
gypsum sequence in the gypsum-ground (4.2.1), which shows 
dominant features of corrosion and recrystallization. 
Another sub-type is found in the deeper playa clay 
sequence with secondary orientation, overgrowth and 
cementation.
F) Pedogenic gypsum.
This type is characterized by pedogenic secondary 
alteration of gypsum sediments in the playa marginal zones
above the groundwater capillary fringe. Leaching, 
dissolution and recrystalization controll its major 
features. One sub-type is the gypcrete capping the 
gypseous dunes and terrace surface, where secondary 
alteration is dominant. Another sub-type still retains 
clear primary features.
6.1.3 CORE LOGS AND TWO MAJOR UNITS
The simplified logs of the 4 long cores from Lake 
Amadeus are shown in Figs 6.1.3 and 6.1.4. Cores AM2 and 
AM3, taken from sites closer to the central part of the 
playa, have similar sediment sequences. The sediments 
from depth 3m down to 15m consist of clays and minor thin 
and intercalated fine (<0.2 mm), secondary altered gypsum. 
The textural curves (Fig 6.1.3) show uniformly fine 
texture with the clays interrupted by occasional coarser 
textured gypsum. From the surface down to near 3m, 
coarser sediments prevail, consisting of layers of 
siliceous sand, sandy clay and shallow water clastic 
gypsum with distinctive boundaries between them. In core 
AM3, a sharp boundary can be recognized, at depth 2.8m, 
between these coarser sediments and the underlying uniform 
clay sequence. In core AM2, the clayey sand and sandy 
clay within 2 to 3m show a feature transitional between 
top coarser sediments and the underlying clay sequence.
Core AM4, taken from a site near Yulara Creek in a 
channel stretching landward (Fig. 6.1.1), has similar 
features as AM2 and AM3, but the sandy layers on top are 
more than 4m thick. Core AMI, taken from the narrower
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east part of the playa (Fig. 6.1.1), consists of clay and 
gypsum without siliceous sand. The clays in this core 
resemble other cores.
Additionally, clays with intercalated gypsum are 
recorded in the log of the 88m drilling hole, located 
close to AMI site (Martin, unpub.). These clays continue 
uniformly to the underlying bed rock with a total 
thickness over 60m at the drilling site (1.3) .
In summary, the sediments beneath the playa consist of 
two major units, an upper sandy unit, typically 2m to 4m 
thick, over a gypseous clay sequence which is over 60m 
thick. The 2 units are divided by a distinctive boundary 
in core AM3 but by a transitional sandy clay zone in core 
AM2 .
In following presentation, these two units are here 
named as the Uluru Clay and Winmatti Beds respectively. 
These are aboriginal names associated with the people and 
the region.
6.2 PRE-PLAYA FACIES
6.2.1 ULURU CLAY
The Uluru clay consists of clay layers intercalated by 
some thin gypsum layers. This clay sequence is separated 
from the overlying Winmatti Beds by a transitional sandy 
clay layer in the long cores AM2 (around- 3 to 4 m in 
depth) and AM3 (around 3m). The clays and gypsum are 
described separately.
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Clays
The clays in the 4 cores show similar features in 
terms of texture, colour and massive structure. They 
contain small quantities of sand size particles, about 28% 
silt, and 50 to 85% clay (Table 6.2.1). Fig. 6.2.1 shows 
size distribution of 5 clay samples. Three samples have a 
peak in 8 to 9 phi range. All 5 samples contain a 
significant portion finer than 11 phi. The silt portion 
falls mainly within the fine silt range except sample AM2- 
380. Distinctive 2-3 phi dune sand peaks and the 3.0 to 
3.5 phi characteristic of the surficial playa sediments 
(chapter 4) are absent.
Clays consist of poorly ordered kaolinite and illite, 
with some quartz. In thin section, the coarse silt-sized 
grains are dominantly quartz with a few heavy minerals.
The sand consists of quartz grains often coated by reddish 
ferriargillans and minor magnetite. In thin section, the 
clays are massive, without orientation or lamination.
Quartz sand and coarse silt are evenly distributed.
Grains are mainly subrounded and subangular. Some fine- 
sand to coarse-silt-sized dark red clay aggregations occur 
(Plate 6.2.1), especially in the reddish coloured clay 
layers. They have similar grain shapes as the quartz. 
Occasional sand and silt-sized charcoal grains are also 
present.
Colour variation is striking in the clay sequences.
The dominant colour is strong brown (7.5 YR, 4/6) modified 
by slight olive mottles (5Y, 5/4) in a few horizons (plate 
6.2.2) . A small number of brownish olive layers exist, 
mainly in core AMI. Towards the base, some dark reddish
195
A verage % M in. % Max. %
Sand 3.9 1.2 9
S i l t 28.0 13.6 44.2
C la y 68.0 50.0 85.0
Table 6.2.1, Size components of Uluru Clay (from 5 samples).
SAND SILT CLAY
AM1 - 7 8 8
A M 2 - 3 8 0
A M 3 - 5 3 0
A M 3 - 1 4 5 8
A M 3 - 1 4 8 8
12 PHI
UNIT
0 . 0 6 3  0 . 0 1 5 6  0 . 0 0 3 9  MM0 . 2 5
F ig . 6 . 2 . 1  ,  Size frequence curves of Uluru Clay samples.
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0.1 mm
Plate 6 .2 .1 , Thin section of Uluru Clay, shoving red soil aggregates (black) and quartz 
sand, all in fine sand and coarse s ilt  sizes.
Plate 6 .2 .2 ,  Core AM3 around depth 
1 480 cm, showing strong brown clay 
mottled by olive (Upper part) and 
red clay (lower part).
brown (5YR, 3/4) layers occur. Boundaries between 
different coloured layers are often transitional (or 
diffuse).
Gypsum
The gypseous intercalated layers in the Uluru Clay 
comprise 5 to 10% of the whole sequence in cores AM2, AM3 
and AM4 reaching more than 20% in AMI. These gypsum 
sediments can be divided into 4 major types.
Type 1 comprises gypsum crystals, often from 0.2 mm to 1 
mm occasionally exceeding 2 mm, with little secondary 
alteration. These occur in AM2 and AM3 in relatively 
small amount, scattered over several thin horizons. They 
are usually prismatic, with some of pyramidal habit. Most 
crystals are abraded and fractured, and are a reworked 
impure primary precipitate (Plate 6.2.3). In AMI, this 
type of gypsum is abundant, forming a relatively pure 
gypsum layer from 1.8 to 2.6 m (Fig 6.1.4 and Plate
6.2.4) . Horizontal bedding is reflected by crystal size 
variation and by thin intercalated layers rich in clastic 
materials. With size ranging from 1 to 5mm, the crystals 
are often short prismatic in habit with corrosion on the 
direction normal to C axis.
Type 2 consists of gypsum veins, occuring mainly in AMI, 
composed of parallel, elongate prismatic crystals.
Crystals grow perpendicularly to the vein walls (Plate.
6.2.5) . The gypsum veins are mainly horizontal but 
oblique examples also exist.
Type 3 is slightly cemented assemblages of small (less 
than 0.3 mm) gypsum crystals; individual crystals cannot
1 9 8
1 mm
Plate 6 .2 .3 ,  Thin section showing typical gypsum in Uluru Clay. Some crystals have 103t
sharp terminations, some by fracture, others are corroded. Crystals concentrate 
in a zone foring a near-horizontal layer. This is classified a3 reworked impure 
primary gyp3um (Table 6.2.1).
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Plate 6 .2 .5 ,  Core AMI near depth 340 cm, showi ng assemblage of microcrystalli ne 
gypsum layer (1 ) ,  gypsum crystals (2) and gypsum vei n (3).
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be recognized by naked eyes (Plate 6.2.5) and the 
assemblages resemble weakly developed gypcrete, which is 
described later (section 6.3.4). This type of gypsum is 
dominant in the Uluru Clay.
In thin-section, the small crystals are often 
pyramidal, flattened perpendicular to C axis. Most show 
slight abrasion, dissolution and overgrowth. The 
assemblages are compacted, and the crystals are weakly 
aligned (Plate 6.2.6). Layers of this gypsum type often 
incorporate near-horizontal sub-layers, which are 
sometimes interbedded with thin clay layers.
This type of gypsum is classified as reworked impure 
primary precipitate, modified by compaction and growth 
(Table 6.1.2).
Type 4, cemented, microcrystalline gypsum, is regarded 
as gypcrete (see also 6.3.4) . Two such layers occur at 
depths of 6m and 7.2m in core AMI (Fig. 6.1.4). One 
sample is pale, highly cemented, compact and fine. In 
thin-section small (<0.05mm) gypsum crystals occur with a 
few quartz sand grains and free of clay matrix (Plate 
6.2.7) .
Carbonate
Tested with hot HC1, the Uluru Clay in cores AM2, AM3 
and AM4 showed no reaction, indicating the absence of any 
carbonates. However, the Uluru Clay in several horizons 
of core AMI reacts weakly to hot HC1 indicating traces of 
dolomite. Nine thin sections taken from AMI at depths 
195cm, 210cm, 218cm, 247cm, 346cm, 412cm, 620cm, 1225cm 
and 1482cm contain no visible carbonates. One thin
201
Plate 6 .2 .6 ,  Thin section (A M I, depth 345 cm), shoving the texture and m icro-3tructure 
of the assemblage of 3mall gypsum. Note the slight horizontal alignment.
1 mm
Plate 6 .2 .7 , Thin section of gypcrete in core A M I, shoving the microcry3talline texture. 
Note voids (black) and a fev fine quartz sand grains.
section from depth 503cm shows carbonate, about 30% in 
content, scattered in clay as small (0.01 to 0.03 mm) and 
rounded grains (Plate 6.2.8) . Some carbonate grains have 
a clay core (Plate 6.2.9) possibly remanent faecal 
pellets. In this zone, there are some reworked clastic 
gypsum crystals. Carbonate grains do not show any typical 
diagenetic characteristics, eg. replacment or infilling, 
as are common for the carbonates in pedogenic gypsum 
(gypcrete, see 6.3.4).
This carbonate was probably deposited as detrital 
materials in an environment of a surface water with medium 
depth and medium salinity. However, this environment 
existed locally and for a short time as indicated by the 
limited occurance. The deposition may be due to the 
spring activity which is restricted to the area around 
section 1 (Fig. 6.1.1) where AMI was taken.
Depositional environment
This thick (>60m) clay sequence, overlying the 
dolomitic limestone of the Bitter Springs Formation (1.4), 
is interpreted as a water transported detrital sediment. 
This is supported by the detrital nature of red soil 
aggregates (Plate 6.2.1), charcoal and carbonate grains, 
and by the intercalated reworked, shallow-water gypsum 
(Plate 6.2.3). However, there is no sign of permanent, 
deep water conditions; instead, a frequent subaerial 
condition is indicated by the dominant brown, red and some 
mottled colours, the absence of fossils and pollen grains, 
and the lack of laminations. In general, the Uluru Clay 
was probably deposited under shallow water lacustrine
203
Plate 6 .2
0.1 mm
8, Thin section from core AM 1 near depth 503 cm, showing rounded carbonate grain;
0.1 mm
I_________________________ J
Plate 6 .2 .9 ,  Thin section (AM1 -5 0 3 ) ,  showing carbonate grains with clay core.
conditions with fluvial inputs, periodically sufficiently 
saline for gypsum precipitation, and frequently dry, 
exposing the lake floor.
6.2.2 CORRELATION OF SUBSURFACE BEDS OUTSIDE THE PLAYA
Fig. 6.2.2 shows the logs of 6 auger holes drilled a 
distance (up to 10 km) from the modern playa. None of 
these holes reached typical Uluru Clay. However, holes of 
22/8/85-3 (in dry Yulara Creek), 86-P4 (500 m from playa) 
and 16/10/86-2 (in sand plain) reached the mottled clayey 
sand or sandy clay, typical of sediments underlying the 
red beds (see Section 6.2.3). Relationships between the 
red beds, underlying mottled clayey sand and Uluru Clay 
are discussed in 6.2.3. Although uncertainties remain, 
the mottled layer in 86-P4 and 16/10/86-2 is interpreted 
as coeval with the upper zone of Uluru Clay. If this is 
accepted, two observations follow:
1) Sediment texture varies from the clay in playa to 
clayey sand in marginal zone extending even to gravels in 
hole 16/10/86-2 on the sand plain (Fig. 6.2.2).
2) The colour mottling is stronger in the mottled clayey 
sand than in the typical Uluru Clay, reflecting probably 
the more frequent subaerial conditions for the former.
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6.2.3 PALEOSOL (RED BEDS)
Distribution, Occurence and Sedimentary Features
Along the playa margins, at a few sites dark red and 
cemented sediments (red beds 2.5YR, 4/6 to 2YR, 4/6) are 
exposed, differing markedly from the unconsolidated 
yellowish dune sand (5 YR, 5/8 to 5 YR, 6/8, Plate 
6.2.10). Exposures occur where modern sand dunes are 
being eroded landward away from the playa or at sites of 
channel incision (Fig. 6.2.3).
At the Red Rock site (Fig. 6.2.3), red beds occur at 
least 5m above and sloping steeply towards the playa 
surface (Fig. 6.2.4). The dark red beds consist of quartz 
with minor clay matrix. In texture, this deposit contains 
a major portion of fine sand, with a small clay component 
and almost no silt (Fig. 6.2.5). Vertical joints are 
developed, sometimes infilled by carbonate. The 
underlying sediment is greyish olive clayey sand 
containing neither carbonate nor gypsum. It is often 
mottled with yellow to brown iron staining.
At the West Channel site (Fig. 6.2.3), the red beds 
and underlying sediment are well exposed as a lm high 
cliff along the playa margin (Plate 6.2.11). Here channel 
erosion (Fig. 2.2.8) has incised 0.5m below the playa 
surface. The exposed cliff consists of a red bed more 
than 0.5 m thick over a layer of mottled (red and greyish 
olive) clayey sand with a transitional boundary between.
A 3m auger hole at the foot of the exposure revealed 
uniform underlying sediments resembling the mottled clayey 
sand. Some siliceous concretions occur in the profile at
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Plate 6.2.1 0 ,  Colours of different sediments: 1. Sand plain fa r from playa. 2. Red beds.
3. Mobile dune 3and. 4. Sand dune far from playa. 5. White shoreline (4 .2 ) .
Plate 6.2.1 1 Red bed3 at We3t Channel site (Fig. 6 .2 .3 ) ,  underlain by mottled clayey 3end.
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SAND SILT CLAY
Sample from site Red Rock
Sample from 3ite We3t Channel 
Mobile dune sand -  average
8 PHI UNIT 
0 .0 0 3 9  MM0.25 0 .0 1 5 70 .0 6 3
Fig. 6 .2 .5 Size d is tr ibution of the mottled clayey 3and beneath red beds.
0.5m near the transitional zone between the red beds and 
the mottled layer. Many reworked concretions litter the 
foot of exposures. These concretions are elongated in 
shape, up to 2cm in diameter and over 10 cm long (Plate 
6.2 .12) .
In thin section (Plate 6.2.13), the soil consists of 
quartz grains with red clay cutans and with minor heavy 
minerals. The quartz grains range mainly from 0.1 to 
0.3mm, with about 5% reaching 0.5 mm (1 phi), coarser than 
the modern mobile dune sand. Grain shape is mainly sub- 
angular with some angular and sub-rounded grsins (Plate 
6.2.13) . Some grains are tightly packed forming a slight 
mosiac structure with red clay filling the voids.
The size distribution of the underlying mottled layer 
shows (Fig. 6.2.5) a major peak in the fine sand range (3 
to 3.5 phi) with minor clay and silt. Thin sections show 
features resembling the overlying red beds but lack coarse 
sand; the quartz grains are coated by pale thin argillans 
compared to reddish argillans in red mottled areas.
At the Far-west channel site approximately 35 km west 
of the previous site (Fig. 6.2.3), a similar section is 
exposed. Here a 1.5m cliff consists of an upper red bed 
with an underlying mottled layer. Channel incision has 
formed low cliffs where the dunes are retreating landward. 
The upper surface of the red beds is flat, more than ten 
metres wide forming a terrace platform extending into and 
under the yellowish sand dune (Plate 6.2.14) .
In the area east of section 1 (Fig. 6.2.3), red soils 
exposed at several sites are often lighter in colour with
less cementation.
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Plate 6 .2 .1  2 ,  Siliceous root-ca3t3 in the red bed section at West Channel 3ite (Fig. 6 .2.3).
1 mm
Plate 6.2.1 3 , Thin section of red bed, showing quartz grains w ith red clay cutans.
213
Plate 6.2.1 4 , Red bed overlying greyish clayey 3and at Far-We3t Channel (Fig. 6 .2 .3), 
shoving flat surface about 1 m above adjacent playa.
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Genesis and Stratigraphie Relationship
The reddish colour is due to the presence of finely 
divided ferric oxides, chiefly haematite (Pye, 1983). In 
the sites described above the red bed is less than 1.5m 
thick and is underlain by greyish clayey sand, with a 
transitional boundary in between. The red colour is 
clearly a secondary feature developed on the primary 
sediments.
Opinions differ on the environmental conditions for 
red bed formation. High temperature seems necessary but 
whether humid or arid remains uncertain (Folk, 197 6; 
Walker, 1979; Walker, 1969). Pye (1983) pointed out that 
red beds can form under both humid and arid conditions, 
provided the iron source and oxidizing conditions prevail, 
but weathering rates would be faster in humid regions.
Several auger holes, drilled in the sand plain several 
kilometres from the playa, encountered gypsum at 1.5 to 
2.0 m. Elswhere Jackson (1962) noted the existance of 
gypsum within some red soil profiles. However, gypsum was 
not found in the profiles along the playa edge.
Concretions consist of carbonate and silica suggesting a 
climate more humid than today.
Genesis of the parent materials remains uncertain.
The greyish olive clayey sand differs, in colour, size and 
composition, from the dune sand. The layer occurs nearly 
3m above the playa surface at the site Red Rock (Fig. 
6.2.4), higher than the Uluru Clay. Therefore, neither 
aeolian nor lacustrine origins are likely. Definitive 
evidence of origin is not available.
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The age and the stratigraphical relationship of the 
red beds remains uncertain. Where exposed, gypseous 
horizons are absent.
At one site near the Far-west channel (Fig.6.2.3), 
some relic reddish soil overlies a weakly developed 
gypcrete. The reddish soil is only yellowish red in 
colour and weakly cemented, in contrast to the well 
developed red beds in Red Rock and other sites. This is 
possibly a product of gypcrete formation process (see 
6.3.4) in which gypsum of parent gypseous materials has 
been leached forming gypcrete in depth and reddish soil 
horizon formed in upper levels. Sometimes, dark-red sandy 
materials may be found on gypcrete but these red materials 
are loose and small in amount. Red beds were not found in 
the islands, where only slightly cemented and yellowish 
red soils exist.
The auger holes through the red beds sequence 
encountered, without exception, mottled clayey sand to 
sandy clay which differ significantly from both typical 
Winmatti Beds or Uluru Clay. Auger holes may not have 
been deep enough to reach typical Uluru Clay.
Alternatively these sites represent lateral and 
pedogenetic variations of Uluru Clay. This interpretation 
is favoured for the following reasons:
i) The underlying mottled sediments slightly resemble 
the colour of some horizons in the Uluru Clay; no such 
mottling occurs in the Winmatti Beds.
ii) The lithology of the mottled sediments remains 
uniform for at least 3 m. This consistency resembles that 
of the Uluru Clay compared to the Winmatti Beds which
consists of alternating lithologies in much thinner sub­
layers .
Conclusions
The weathering colour and other pedogenetic feature 
require a long time for development. During this period, 
formation of siliceous root casts suggests that conditions 
may have been wetter than today.
The red beds are thought to be equivalent to the top 
part of the Uluru Clay. There are also some less 
developed red soils, which formed after the gypseous dune 
episodes. Chronology of these formations is discussed
later.
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6.3 PLAYA FACIES - WINMATTI BEDS
The post-Uluru Clay sediments include typical Winmatti 
Beds (playa sediment sequence), the sequence of marginal 
terrace and the gypseous dunes on marginal land and on the 
islands.
6.3.1 TYPE SEQUENCE
The Winmatti Beds overlie the Uluru Clay (Fig. 6.1.3) 
with an intervening sandy clay layer forming a 
transitional horizon. The Beds are characterized by 
alternate layers of siliceous sand, gypsum crystals and 
sandy clays, differing from the Uluru Clay by coarser 
texture, the presence of some greyish layers and more 
variable lithology. This unit varies laterally between 
cores. In cores AM2 and AM3, the thickness is about 3m, 
more than 4m at AM4, but only about 60 cm at AMI site (not 
recovered in the core). A generalized section of the 
Winmatti Beds is summarized from AM3 (Fig. 6.3.1) . The 
missing sections in the upper part are supplemented by 
short cores (SC204, SC205 and SC203, Fig. 6.1.1) taken 
from the nearby area.
The sharp boundery at 275 cm represents the lower 
boundary of the Winmatti Beds. Below the boundary, a 
sandy clay layer (layer I in Fig. 6.3.1) grades down to 
the uniform clay. The section is described upwards as
follows:
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Laver H, overlaying the sharp boundary, consists of 
reddish siliceous sand with a few fine-sand-sized 
.magnetite grains. The mode of the size distribution is 
similar to the modern mobile dune sand (AM3-250 and AM2- 
170 in Fig. 6.3.2), but with minor clay. In thin-section 
(Plate 6.3.1), the quartz grains are mostly sub-angular 
and sub-round. Some grains are coated by very thin 
reddish argillan. The layer is dominantly massive, with 
weak horizontal laminations around 260 to 270 cm depth. 
Some Mn stains scattered through the layer may indicate a 
weak soil development.
This layer might be mainly an aeolian deposit with 
minor fluvial influence, and probably represents a phase 
of sand plain with disappearance of the playa.
Laver G is an olive grey gypseous layer (145 to 200 cm 
in Fig. 6.3.1) . It consists of sub-layers with gypsum 
crystals varying in amount and grain size. Gypsum content 
ranges from over 90% in relatively pure gypsum sub-layers 
to less than 10% in a few greyish sandy clay dominated 
sub-layers. The greyish colour, absent in the Uluru Clay, 
is a characteristic features of the Winmatti Beds.
Throughout the layer, gypsum crystals, ranging mainly 
from 0.3 to 2.0 mm in diameter, are mostly short prismatic 
in habit with common abrasion and corrosion (Plate 6.3.2). 
Crystal corrosion is variable even in same sub-layer; some 
are slightly corroded, a few to a medium degree, and some 
lack corrosion. Some crystals are coated by a thin clay 
film; others are clean. Some crystals show a slight 
orientation with the longer axis in sub-horizontal
220
SAND SILT CLAY
A M 3 - 1 15 
A M 3 - 2 5 0  
A M 2 - 1 7 0  
Average mobile 
dune sand
8 PHI UNIT 
0 . 0 0 3 9  MM0 . 0 6 3 0 . 0 1 5 70 .2 5
Fig. 6 .3 .2 Size distribution of quartz 3and lagers in the Winmatti Bed3, 
compared to modern mobile dune 3and.
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Plate 6.3
Plate 6.3
1 mm___ _____ |
-1 ,  Thin section shoving lower reddish sand in the Winmatti Beds (layer H).
1 mm
.2 ,  Thin section shoving gypsum crystals in layer G, prismatic in habit with 
abrasion and corrosion.
222
direction. Sediment is compact, with few voids. The 
gypsum is classified as shallow water clastic gypsum 
(Table 6.1.2), representing a playa environment with 
frequent shallow and relatively clear brine.
This layer was encountered at similar levels in other 
short cores and in auger holes elsewhere in the playa.
Laver F is a sandy clay. The colour varies from 
brownish grey to olive grey. It contains about 10% gypsum 
crystals, often corroded with some showing evidence of 
fracture, belonging to reworked gypsum (Table 6.1.2).
There are some Manganese and rusty coloured stains, 
especially on top part forming a sharp boundary with the 
overlying unit. This layer is possibly a shallow water 
sediment and was affected by a subsequent pedogenetic 
process.
Laver E is a greyish clayey sand layer. The lithology 
varies in different cores. In a short core SC204 it has 
well-developed planar laminae (Fig. 6.3.1), consisting of 
interbedded pale quartz sand with sand-sized prismatic 
gypsum (5%) and grey sandy clay.
This layer is probably shallow water, restricted 
lacustrine deposits, representing more clastic inflow.
Laver D is a reddish quartz sand layer from 115 to 65 
cm (Fig. 6.3.1). This layer, similar to layer H at the 
bottom of the Winmatti Beds, consists dominantly of quartz 
sand. Peak grain size is in the range 2.5 to 3.0 phi 
(AM3-115, Fig. 6.3.2) similar to modern dune sand. This 
layer posseses soil structures developed in the upper 
part, such as biotubules, reddish colours and manganese
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cutans (Plate, 6.3.3). This layer is also interpreted as 
aeolian deposit representing a sand plain environment 
stabilized to permit weathering assisted by vegetation 
colonization.
Laver C is a thin (about 3 cm), light grey quartz sand 
layer overlying the reddish sand (Plate 6.3.3). The layer 
consists of clean quartz and a few magnetite grains 
without gypsum. Quartz sand are mostly rounded, 
subrounded and generally clean although remnants of red 
cutans occur on few concave surfaces. Grain size is 
identical with both mobile dune sand and the white sand on 
the modern aeolian shoreline (section 4.2, Fig 4.2.7) .
This pale sand may originate from frequent washing and 
agitating in a shallow water environment.
These light grey sands and the underlying reddish sand 
form two distinctive units, extending throughout the 
gypsum ground. Towards the edge of the gypsum ground, as 
the overlying gypsum sequence becomes thinner, the units 
approache the playa surface. In the salt flat, they 
sometimes disappear, although the red sand of layer D 
extends more widely than the grey quartz sand of layer C.
Lavers B and Laver A are subdivisions of a gypsum 
sequence overlying the grey sand. An additional gypsum 
unit exists elsewhere (layer A2), deposited at the same 
time as layer A, and comprising the terrace islands. 
Because of the complexity of correlations and because 
these layers constitute relatively important and recent 
records of the playa history, they are described
224
Plate 6 . 3 . 3 ,  Subsurface sediments at marginal gypsum ground, showing the light greg 
fine 3and layer overlying red 3and with soil structure.
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separately in the next section. The depositional 
environments of Winmatti Beds are summarized thereafter.
Lateral variations
Within the gypsum ground, the Winmatti Beds are 
relatively constant in thickness and lithology, as 
revealed by short cores. However, the sequence varies 
away from the gypsum ground. Fig.6.3.3 shows logs of 3 
cores taken from the salt flat with interpreted 
correlations. Their features and features observed in 
other trenches and auger holes are as follows:
1) In the salt flat, the top gypseous layers (layers A 
and B) are absent. The grey quartz sand (layer C) often 
exists close to playa surface in the area adjacent to the 
gypsum ground.
2) The red quartz sand layer with soil structures (layer 
D) is distributed more widely. However, the soil 
structure is not always well developed as shown by plate 
6.3.3 and sometimes the layer is clayey.
3) The sediments underlying the red sand (D) are variable 
in colour but often fine, sandy clay to clay, and with 
minor gypsum. They are correlated with layer E or F .
4) A gypsum layer is often encountered below the red and 
grey sandy clays. This is correlated with the major 
gypsum layer G in the sequence of beneath the gypsum 
ground (AM3, Figs. 6.3.1, 6.3.3).
5) The Winmatti Beds are much thinner in core SC26
(Fig.6.3.3) taken from a site near the 15m core AMI. This
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feature is constant in the area east of section 1, as 
confirmed by more than 15 trenches and auger holes.
The correlation of the Winmatti Beds in the playa with 
the marginal zone is discussed later (6.3.6).
6.3.2 TERRACE ISLAND: PALE GYPSUM LAYER
As described in chapter 2 .2 .2 , there are some terrace 
islands distributed within the gypsum ground. Standing 
only 20 to 40 cms above the surrounding playa surface, 
they are characterized by flat surfaces colonized by 
samphire. These islands consist of a weakly developed 
gypcrete surface (cemented, micro-crystalline gypsum 
intergrowth, described in 5.4) over a pale, sand sized 
pure gypsum layer. This contrasts sharply with the 
uniform brown gypsum layer of the surrounding gypsum 
ground (4.2.1) .
Sedimentary features
Two cores (SC101 and SC104, Fig. 6.1.1) were taken at 
the centre of two islands; 4 other terrace islands were 
checked by auger. All islands sequences are essentially 
the same. The sedimentary features of SC104 (Fig. 6.3.4) 
can be summarized as follows:
A weakly developed gypcrete crust, about 20 cm thick 
grades down to the underlying gypsum. This gypcrete, with 
slight to medium cementation, consists dominantly of sand­
sized pyramidal gypsum with overgrowths, plus about 30% of 
recrystallized microcrystalline gypsum. The gypcrete
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contains 5 to 10% quartz sand and minor clay; these 
elastics decrease downward.
A distinctive pale gypsum layer occurs from 20 to 
78cm. This is equivalent to the layer designated unit A 
in the type section (Fig. 6.3.1) . Since it is not 
represented in the type section, it is designated here as 
sub-unit, A2. Gypsum content exeeds 95%, with a few 
quartz sand and magnetite grains. Crystal size, ranging 
from medium to fine sand, is relatively uniform throughout 
(Fig. 6.3.5). Crystals are mainly prismatic in habit 
(Plate 6.3.4, 6.3.5); most have lost the sharp edges 
indicating abrasion involving transport over a short 
distance. Some crystals show corrosion and overgrowth.
The crystal zone is compact, massive and seldom showing 
any lamination. This gypsum is classified as reworked 
primary lacustrine precipitate (Table 6.1.2).
From 78 to about 100 cm a brownish grey gypseous layer 
(Layer B in the Winmatti Beds, Fig. 6.3.1), contains some 
elastics with a 2.5 cm thick clay layer near 85 cm. This 
gypseous layer overlies the sequence of grey and reddish 
siliceous sand layers, layers C and D of the Winmatti Beds 
(section 6.3.1). Weak bedding is evident in sublayers 
expressed as colour differences and variations in gypsum 
contents and cystal size. Gypsum crystals (Plate 6.3.6) 
are poorly sorted compared to the overlying pale gypsum 
layer. The largest crystals exceed 1mm in diameter with 
smaller ones near 0.2mm. Pyramidal in habit, many 
crystals have lost their sharp terminations. This gypsum
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4 0  i
DEPTH (cm)
1 : 1 2 -  14
2 : 2 0 - 2 8
3 : 32 - 38 _
Gypsum
ground
=  2 0  - Terrace
island
PHI UNIT
0 .25 0 .0 6 3  mm
Fig. 6 .3 .5 ,  Size distribution of pale gypsum in terrace island sequence (line & 
symbol), compared to those of brown gypsum layer of the gypsum 
ground (line and number 1 - 3).
Plate 6 .3 .4 ,  Thin section (SC1 04, depth 30 cm, Fig. 6.3.4), showing crystals of the pale 
gyp3um layer. Note some crystals have lost their sharp terminations.
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I------------------------------------- 1
Plate 6 .3 .5 , Thin section (SCI 04, depth 57cm), showing crystals of the pale gypsum layer. 
Note some crystals are aligned in 3ome area.
1 nun
i--------------------------1
Plate 6 .3 .6 , Thin section (SC1 0 4 -9 0 ), showing poorly sorted gypsum crystals with 
abrasion and corrosion.
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represents the reworked impure primary precipitate type 
(Table 6.1.2) .
Stratigraphic correlation
The terrace island sequence is compared with cores 
SC204 and SC205 from the nearby playa. Sites have been 
accurately levelled (Figure 6.3.4). From a level 75cm 
below the island surface, the sequences are essentially 
similar. In addition to the distinctive reddish and light 
grey quartz sand layers, a continuous thin grey and brown 
clay band (2.5 cm thick) occurs in the playa and island 
sequences, 85 cm below the island surface (Fig. 6.3.4).
Above layers D, C and B, the pale gypsum layer of the 
terrace island sequence is significantly different from 
the brown gypseous layer of the gypsum ground, although 
they occur at the same level. Throughout the gypsum 
ground, the subsurface brown gypsum A layer consists 
uniformly of sand-sized crystals showing evidence of 
corrosion and overgrowth with associated clastic bands.
The pale, correlation layer beneath the islands is the 
pure gypsum A2 layer. The impure, corroded brown gypsum 
is interpreted here as an altered product from the pre­
existed pure gypsum layer A2. Observed in trenches, there 
is a gradual transition from the pale gypsum of the 
islands to the brown gypseous layer of the gypsum ground.
If the weakly developed gypcrete on top of the terrace 
islands breaks up or is dissolved, no longer protecting 
the crystals below, rainfall leaching would cause 
corrosion and recrystallization at lower levels. The
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brown gypseous layer of the gypsum ground contains gypsum 
crystals corroded in the direction perpendicular to c axis 
and recrystallized in directions of a and b axes, forming 
highly discoidal crystals. Corrosion and clastic 
accumulation on the upper-sides of the crystals indicate a 
leaching in downward direction (chapter 4.2.1) . The 
clastic bands may come originally from detrital materials 
carried by wind and water during inundating (flood) 
events, which were later leached into the porous gypsum 
zone.
Stratigraphic continuity implies the terrace islands 
once were distributed much more widely than today, and 
extended throughout the modern-day gypsum ground. 
Retreating features as a low "cliff” occur along some 
margins of the islands where the surface gypcrete layer is 
often more developed.
6.3.3 MARGINAL TERRACE
The distribution and the topography of the marginal 
terrace were presented in Chapter 2. As indication 
earlier, this feature lies at a level identical with the 
terrace islands. This section is devoted to its 
sedimentary and stratigraphic features.
Sediment Units
Six trenches were dug across the south terrace (Fig. 
6.1.1) to trace and correlate the sequence. Additionally,
234
twelve auger holes were drilled across the terraces along 
both the north and south margins of the piaya.
Figure 4.3.1 shows the sediment sequences across the 
south terrace, about 150 m wide between the piaya margin 
and the gypseous dune. Six units are identified although 
their lithology varies laterally. These units are 
described from top to bottom as follows:
Unit 1 (Fig. 4.3.1) is modern sand mantle. It is 
thicker near the foot of the gypseous dune but absent from 
most of the terrace surface. It has very limited extent.
Unit 2/ a mixture of quartz sand and gypsum, 
approximately 30-40cm thick, forms the terrace unit. It 
changes in gypsum content, from >50% near the piaya (e.g. 
at trench P5, Fig. 4.3.1), decreasing in the landward 
direction to about 10% at the trench PI. A weakly 
developed gypcrete crust containing some reddish quartz 
sand has developed on the surface of this unit close to 
the piaya (Plate 6.3.7). In thin section (Plate 6.3.8), 
the white, powdery surface shows as a thin (<0.5 mm) 
surficial layer of microcrystalline crystals of secondary 
pedogenic gypsum. Below this are larger pyramidal 
crystals (up to 0.5 mm) showing slight corrosion and 
secondary overgrowth. Unaltered euhedral crystals are 
rarely preserved. This horizon is dominated by pedogenic 
alteration (Table 6.1.2). In the landward direction (in 
trenches PI, P2 and P3), the unit consists of mainly 
quartz sand with scattered gypsum crystals (pyramidal, 1 
to 2 mm), and rhizomorphs composed of small (< 0.1 mm)
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Plate 6 .3 .7 ,  Two layers of gypcrete in trench P5 on south terrace (Figs. 4.3.1, 6.1.1). 
The gypcrete surface are corroded.
.______ 1 mm_____ j
Plate 6 .3 .8 , Thin section showing weakly developed gypcrete on surface of unit 2 in
thench P5 (Plate 6.3.7). Note the microcrystalline crystals on the surface 
and sparse quartz sand.
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gypsum crystals. The quartz sand has a size distribution 
identical with the modern dune sand.
Unit 3 (Fig 4.3.1) is a yellowish red sand layer, 
about 30 to 40 cm thick containing no gypsum. The grain 
size distribution is identical with that of the modern 
dune sand (2.5 to 3.0 phi), although positive 
differentiation between dune and beach sediment is not 
always possible in this environment. The lithology of the 
layer is consistant across the terrace, in contrast to the 
variation in gypsum of unit 2. It is interpreted as an 
aeolian sand, deposited under a sand plain environment.
Unit 4 (Fig. 4.3.1) is an indurated gypsum layer, 
identified by a hard and karstic (corroded) surface (Plate 
6.3.7) . This layer can be traced across the terrace and 
grades into the gypcrete of the gypseous dune (Fig.
4.3.1). Approaching the playa, this surface disappears 
gradually; the gypsum crystals become larger until it 
merges with the capillary groundwater gypsum zone. The 
.gypsum content of this unit exceeds 80% in all trenches; 
gypsum crystal size and structure vary significantly 
across the terrace.
The gypcrete on the dune slope has a white and fine 
textured appearance. In thin section (Plate 6.3.9), it 
has a compact microcrystalline structure, with even sized 
(<0.05 mm), pyramidal crystals. Where it passes beneath 
the terrace, the gypcrete is weakly developed, showing 
secondary microcrystalline crystals and primary larger 
crystals (>0.5mm, Plate 6.3.10). The development of this
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Plate 6 .3 .9 , Thin section showing well developed gypcrete on gypseous dune 3lope.
Note compact, microcrystalline crystals without any orientation or lamination.
P late 6.3.1 0 , Thin section showing weaker-developed gypcrete (unit 4 in trench P5, 
Plate 6.3.7). Note the microcrystalline crystals are developing from the 
larger primary crystals.
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secondary microcrystalline gypsum involved in gypcrete 
formation is discussed in section (5.3.4).
The primary gypsum in unit 4 consists of sand-sized 
crystals; some are prismatic, others are pyramidal and 
probably developed from original prismatic forms by 
lateral overgrowth (Plate 6.3.11). Some primary abrasion 
features have been preserved which indicate a transport 
process by water or wind. This unit is continuous with 
the dune gypcrete and may represent a dune source on the 
playa margin.
Beneath Unit 4, modern groundwater gypsum (displacive 
pyramidal) has been deposited within the primary sediments 
disturbing original structures (Fig. 4.3.1). The 
characteristics of the groundwater gypsum were described 
in 4.3. In trenches of PI, P2 and P3, this modern gypsum 
is absent and sediments are less altered.
Unit 5 is a reddish quartz sand. It has a stronger 
reddish colour and is more consolidated than unit 3. Unit 
6 is a light grey quartz sand layer, shown more clearly by 
the section in the trench P2 (Fig 6.3.6). A slight 
cementation zone extends for some 50 cm corresponding to 
the oscillation zone of the present watertable. It 
includes the lower part of Unit 5 and upper part of Unit 6 
(Fig. 6.3.6). The cementation zone is interpreted as a 
modern watertable feature.
The reddish sand of unit 5 resembles aeolian sand in 
texture, but its darker colour and compact consistency 
suggest pedogenic alteration. It contains no -gypsum in 
trenches PI, P2 and P3 (Fig. 4.3.1), but is severely
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0 .5  mm
Plate 6 .3 .1 1 ,  Thin section (unit 4trench P5, Piste 6.3.7), showing crystal overgrowth 
from primary prismatic (shown by the traces in the crystal) to pyramidal.
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Unit 2 Reddish yellow sand with gypsum rhizomorph3.
Unit 3 Reddish yellow quartz 3and.
Unit 4  Gypcrete with corroded upper surface.
Unit 5
Yellowish red 3and, cemented at lower part.
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Unit 6
Light grey quartz 3and, cemented in upper part 
w ith 3ome holes in filled  by red sand.
Unit 7 Interbedded (grey and red) quartz 3and.
Unit 8 Light grey clayey 3and.
Fig.6 .3 .6 ,  Sediment sequence of trench P2 on the 3outh terrace 
(location see Fig. 4.3.1).
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disrupted by secondary groundwater gypsum in trenches P4, 
P5 and P6. It is interpreted as aeolian sand, suggesting 
a sand plain environment.
The light grey sand (unit 6) has size distribution 
identical with modern dune sand. In colour it resembles 
modern beach sand (4.2) . Similar light grey quartz sand 
layer (> 10 cm thick) has not been found in any short 
cores taken in playa but was encountered in several auger 
holes drilled on terrace (north and sorth). It is 
therefore interpreted as a beach deposit associated with 
the terrace. It may have formed with a seasonally wet 
playa surface when the watertable was higher than present.
Unit 7 is a layer of interbedded red and grey sand 
differentiated from Unit 8, a grey clayey sand layer (Fig. 
6.3.6), by its colour and low clay content. Both were 
encountered in an auger hole but were not studied in 
detail.
Summary and conclusions
Although the sediment sequence of the marginal 
terrace, revealed in the trenches, has a relatively small 
thickness, it consists of at least 6 units representing 
different depositional environments. The following points 
can be summarized:
1) Formation of the gypseous dune was followed by 
development of the gypcrete crust, which also underlies 
the marginal terrace as unit 4. The upper terrace units 
(2 and 3) were deposited after gypcrete formation on the
dune.
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2) The poorly developed gypcrete within terrace unit 4 
preserves some primary crystal features and is continous 
with well-developed gypcrete on the gypseous dune. 
Environmental control of gypcrete development is discussed 
below (section 6.3.4).
3) There are two reddish aeolian sand layers (Units 3 
and 5, Fig. 4.3.1) overlying and underlying the gypsum 
layer respectively, representing probable sand plain 
environments.
4) The pale grey sand (Unit 6, Fig. 4.3.1), underlying 
the lower reddish aeolian sand, has not been found in the 
playa sediment sequences and may be an aeolian beach sand 
similar to the modern one (Plate, 2.3.1).
5) To a depth 2.2 m below the terrace surface, no Uluru 
Clay was encountered.
The stratigraphic correlation between terrace sequence 
and the playa sequence is discussed later (section 6.3.5).
6.3.4 SHORELINE GYPSEOUS DUNES
As described in 2.1.2, gypseous dunes are widely 
distributed along the present and former margins of the 
playa. The formation of these dunes is an important 
component in the playa history.
Gypseous dunes (on islands) are underlain by playa 
sediments similar to those which occur more than lm below 
the adjacent playa. The gypseous dunes consist of aeolian 
sediment capped by a gypcrete crust. The sedimentary
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features and genetic interpretation are discussed 
separately.
Sedimentoloqy
Dune sequence
The gypseous dune sequence is well exposed on Cliff 
Island (Fig. 6.1.1), the only island in the playa with 
cliffed edges. Cliffs from 5 to 10 m high provide 
excellent exposures.
The sediments beneath an upper gypcrete crust consist 
of quartz sand and gypsum in variable proportions (Fig. 
6.3.7). Gypsum is of two types; sand-sized crystals and 
aggregates of microcrystalline gypsum (Plate 6.3.12). The 
gypsum crystals are yellowish and pyramidal in habit; most 
have lost sharp crystal edges and show evidence of slight 
corrosion and abrasion. The aggregates are also sand­
sized and irregular in shape with a milky colour (Plate 
6.3.12). In thin section the aggregates occur as 
microcrystalline crystals similar to those in the gypcrete 
(described later). The quartz sand has a size 
distribution similar to that of modern mobile dune sand 
(Fig. 6.3.8).
Cementation varies through the section, generally 
decreasing with depth. Beneath the gypcrete crust well- 
developed bedding is preserved (Plate 6.3.13).
At the Kopi Dune site (Fig. 6.1.1), another gypseous 
dune sequence was explored by auger. At this-site, an 
additional two layers of gypcrete occur at depth in the
Metre belov 
dune surface Descri ption
Gypsum content
Gypcrete
Transitional to
Gypsum and quartz 3and3, 
ve i l stratified and cemented.
Tran3itional to 
Grey powdery gypsum.
Gypsum and quartz 3and3, 
3lightly stratified and cemented.
Grey powdery gypsum.
Gypsum and quartz sands, 
3lightl y cemented.
0 100 95
Gypsum
Covered by colluvium.
Fig. 6.3.7 Log of gyp3eou3 dune sequence of C lif f  Island (location 3ee Fig. 6.1.1).
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Plate 6 .3 .1  2 ,  Sediment of gyp3eoue3 dune, a mixture of pyramidal gypsum c ry s ta l  (1 ) ,  
fi ne gypsum aggregates (2 ) ,  quartz 3and (3 )  and magnetite (4 ) .
Plate 6.3.1 3 ,  Exposure at Cliff  Island, showing gypcrete and underlying stratified 
gyp3eou3 layer.
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60 i
Sand
—  Quartz 3and from gyp3eou3 
dune sequence
- o  Average modern mobile 
dune 3and
8 PHI UNIT 
0 .0 0 3 9  MM0 .2 5 0.01 570 .0 6 3
Fig. 6 .3 .8 ,  Size distribution of quartz sand from the gypseous dune sequence 
of C lif f  Island.
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profile (Fig. 6.3.9 and Plate 6.3.14). The sediments 
between the gypcrete layers have the same composition as 
that of the Cliff Island site. At several other sites, 
auger holes were drilled through gypseous dunes and 
similar sediments were encountered, although the buried 
gypcrete layers were not found.
In summary, the gypseous dune sediments are a mixture 
of quartz sand and sand-sized gypsum crystals with very 
low (often <2%, rarely to 5%) clay content. Traces of 
clay occurs as thin coatings on gypsum and quartz grains. 
No clay pellets similar to those of southern Australian 
gypseous dunes (Bowler, 1976; Bowler 1983; Magee, 1988) 
have been observed.
Gypcrete
The gypseous dune surfaces are invariably capped by a 
gypcrete crust. This is typically 0.5 to 1 m thick, and 
consists of a white, compact, indurated and massive layer 
of microcrystalline gypsum crytals (often < 0.1 mm) and a 
small amount (often <10%) of quartz grains. The surface 
often shows dissolution features. A thin surface skin 
(about 1 mm) often develops which is impermeable and 
harder than the underlying gypcrete (Plate 6.3.15). The 
surface also often displays polygonal jointing with upward 
tilting edges forming tee-pee structures (Plate 6.3.13). 
Cementation decreases downwards grading into mixed quartz 
sand and gypsum.
Ten gypcrete samples were analysed. The gypsum 
content averages 94.6 % with a range from 87 % to 99 %.
248
Depth
" • LA3/0.8
• LA3/1.0
• LA3/1.25
• LA3/1.95
• LA3/2.2
I
• LA3/2.45
i
• LA3/2.8
• LA3/3.0
• LA3/3.4
Gypsum 
content %
0 50 100
_________ 1_______  I
7
II
I
----- *
i
/
*
I
/
/
7
-k
I
------ f
/
— f
/
Quartz 
content %
0 50 100
_______ J____
Gypcrete
Siliceous sand
Gypsum crystals
TL Samples
u Supplementary 
samples
Fig. 6.3.9, Section of gypseous dune at Kopi Dune site 
(location see Fig. 6.1.1).
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Plate 6.3.1 4 , Three layers of gypcrete in a dune sequence at Lake Lewis, a sim ilar playa 
about 250km northeast of Lake Amadeus.
Plate 6.3.1 5 , Gypcrete from dune and terrace island surfaces. The surfaces of dune 
gypcrete 3how dissolution features and a thin 3kin.
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Carbonate content is generally less than 1 % with one 
sample reaching 6 %. The insoluble portion consists 
mainly of quartz sand with minor clay and heavy minerals. 
Thin sections show the following features:
a) Masses of compact crystals, less than 0.1 mm in size 
and often shortened in the C axis direction (Plate 6.3.9). 
In some places the crystals are platy or form lamellae, 
weakly parallel, often together with pyramidal crystals 
(Plate 6.3.16).
b) Voids are common, often with bigger crystals oriented 
at high angles to the void walls (Plate 6.3.17) reflecting 
growth from solution which once filled the voids.
c) Minor secondary carbonate occurs commonly (Plate 
6.3.18), associated often with voids and replacing gypsum.
d) Rare quartz sand grains occur scattered irregularly 
through the massive small gypsum crystals. Note that 
quartz content of gypcrete (Fig. 6.3.9) is much lower than 
in underlying parent materials.
e) The thin surface skin consists of larger crystals, 
from 0.2 to 1 mm, tightly intergrown and forming a mosiac 
structure (Plate 6.3.19).
Stratigraphic relations of shoreline dunes
As described in 2.1.2, two or three parallel rings of 
gypseous dunes exist and shoreline quartzdunes occur in 
some places. The stratigraphic correlations between these 
dunes and the sediment sequences across the playa and the 
marginal terrace are examined.
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, 0.1 mm 1
Plate 6.3.1 6 , Thin section of gypcrete, showing lamellae and pi at g crystals.
1 mm
Plate 6.3.1 7 ,  Thin section of gypcrete showing ma33e3 of microcrystallin crystals and larger 
crystals grown around voids.
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1 mm
I____________________ j
Plate  6 .3 .1 8 ,  Thin section of gypcrete shoving secondary carbonate (bright areas) 
which may precipite originally around plant root or other voids.
P la te  6 .3 .1 9 ,  Thin section of gypcrete, shoving a 3kin or layer consisting of largercrystal 
intergrowths forming mo3iac structure. Note 3par3e quartz 3and.
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A transect across the south terrace revealed that the 
gypcrete of the dune can be traced in the trenches as a 
buried, indurated gypsum layer (Unit 4 in Fig. 4.3.1). 
Therefore, the terrace upper sedimentary units formed 
after the formation of the gypseous dune.
The gypseous dunes were augered at five sites, Kopi 
dune, Cliff Island, Auger Island, Irregular Island and 
South Terrace (locations, Fig. 6.1.1). Figure 6.3.10 
shows the sediments at Cliff Island and Irregular Island. 
At Cliff Island, the upper 1 m of the auger hole 
intersects reddish yellow quartz sand with gypsum sand, 
similar to the gypseous dune, overlying thin layers of 
grey and brown sandy clay and clayey sand identified as 
the Winmatti Beds (Fig. 6.3.10). Manganese stains and 
some vertical jointing occur in the greyish sandy clay, 
indicating pedogenesis. The auger hole at Irregular 
Island also shows two zones. The upper is a mixed quartz 
and gypsum dune sand, overlying mottled sand and brown 
sandy clays (Fig. 6.3.10), again identified as Winmatti 
Beds. A similar sequence was found at the south terrace 
auger hole.
These sites relate to the first ring of gypseous 
dunes, closest to the playa. The second ring was not 
augered, and its relationship to underlying sediments is 
estimated from two cores, SC201 taken from a small playa 
within Auger Island, and SC202 from the main playa (Fig. 
6.3.11). They are separated by two rings of gypseous 
dunes along the island margin. Sections are shown in Fig. 
6.3.12. Core SC201 reached the Uluru clay sequence at 122
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Metre above 
playa surface
12  - |
10  -
8 -
6  -
4 -
2 -
0 -
-2  4
C l i f f  Island
Metre above 
playa surface
6 H
I r re g u la r  Island
Gypcrete
Gypsum & quartz sand.
Cemented gypsum layer. Playa surface
Cemented gypsum , up to 2cm in diameter 
Red & grey sands. 
Brownish red sandy clay.
Fig. 6.3.1 0, Gyp3eou3 dune sequences at C liff Island (upper) and Irregular Island (lower). 
Locations 3ee Fig. 6.1.1. Note TL sample positions.
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cm, overlain by slightly mottled clayey sand. Core SC202 
consists of gypsum, grey sandy clay and red sands, 
characteristic of the Winmatti Beds. It is inferred from 
core SC201 that the Uluru clay directly underlies the 
inner dune ring of Auger Island. The small playa, 
isolated by these inner dunes, represents an older surface 
than the main playa.
Genesis and depositional environment 
Dune formation
The gypseous dunes originated by deflation of gypsum- 
rich sediments from the playa, with deposition along the 
playa margin. This interpretation is derived from the 
following evidence:
i) Morphology is always characteristic of typical dunes 
which are restricted to the playa margins.
ii) Where exposed, the sequences show well developed 
cross-stratification, evidence of aeolian processes.
Better exposures reveal similar structures in gypseous 
dune sections in Lake Lewis near Napperby, another similar 
playa about 250 km in northeast where many cliff sections 
occur on dune islands (Plate 6.3.14).
iii) The gypsum crystals in the sediments are similar 
in crystal habit and size to those in the playa. Crystals 
show traces of abrasion indicating transportation to the 
site of deposition.
These features indicate a playa source for the gypsum.
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Three process models are outlined as possible 
interpretations of environmantal origins.
1) Plava floor deflation.
This model involves separate processes of gypsum 
deposition in the playa, and subsequent deflation. The 
model proposes that gypsum crystals were precipitated in 
surface waters during relatively wet conditions in the 
playa, and were deflated during a subsequent fall of 
watertable. However, this cannot explain the following 
two major features:
a) The sizes of gypseous dunes remain relatively 
constant irrespective of area of the adjacent playa. Site 
A (Plate 6.3.20) provides a good example; the ancient 
playa between the dunes on the island and the land shore 
is only about 30m wide. This provided the source area for 
the adjacent dunes. However, these are the same size as 
the dunes facing much wider playa areas, on the opposite 
side of the island.
b) There is virtually no clay in the dune sediments. 
Because the gypsum sediments in the playa generally 
contain some clay, deflation of the playa floor is likely 
to bring both gypsum and clay, as sand-sized clay pellets 
under saline environments, to the marginal dunes. This is 
a common feature of the gypseous dunes of SE Australia 
(Bowler, 1976; Bowler, 1983; Magee, 1988).
2) Deflation of beach sediments.
This model involves simultaneous processes of gypsum 
deposition and deflation in the playa. Gypsum 
precipitated under sub-aqueous conditions may be reworked
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Plate 6 .3 .2 0 , A ir - photo 3howing gypseous dunes near Kopi Dune site. Dune size i3
relatively constant irrespective of either orientation or length of playa "fetch" 
available for source material. This is particularly evident at 3ite A where only 
a narrow playa corridor seperate3 gyp3eou3 dune or island from a sim ilar dune 
on the landward margin. Moreover, dune size around the island remains relatively 
constant.
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forming marginal beaches, which are then deflated to form 
the shoreline gypseous dunes. This supposes that winds 
blow equally from all directions, as they do at present 
(Chap. 1.5). The model suggests that playa gypsum is 
transported by waves to the margins. However, this model 
is not supported by the highly irregular nature of playa 
margins which lack evidence of wave constructional forms.
3) Deflation of gypsum from groundwater seepage zone.
This model suggests simultaneous gypsum deposition and 
deflation around the shoreline. This involves gypsum 
precipitated in groundwater seepage zones around the lake 
margins. This shoreline source provides a constant supply 
of sulphate ensuring localized development of gypseous 
dunes in sites even where there is greatly restricted 
fetch. In addition, this model does not exclude some 
shallow surface water in the central playa.
In evaluating these possible models, the second one, 
reworking subaqueous gypsum to form beach, is ruled out on 
topographic grounds. Although the playa is flat, over 
long distances there are significant changes in playa 
floor elevation. In the southern tributary arm near site 
A (Plate 6.3.20) the playa is some 4m higher then in the 
centre. In order to deposit lacustrine gypsum in this 
area it would require lacustrine conditions 4m deep or 
more in the playa centre. These variations in depth would 
result in a diversity of shoreline development and dune 
construction from the main basin to narrow tributaries.
The constancy of dune development, despite shoreline
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irregularity and variations in topographic elevation 
argues against gypsum deposition in a standing water body.
The first model requires conditions alternately wet 
(to provide surface brines) followed by a prelonged period 
of conditions drier than today to deflate the gypsum. The 
second requiring surface water cover implies conditions 
wetter than today. The third, with regionally high 
watertables also implies wet conditions. As the first and 
second models are not consistent with the field evidence, 
it is concluded that the gypseous dunes formed under 
conditions of regionally high watertables requiring 
effectively wetter climate. Vegetation is likely to have 
been stable, ensuring sediment entrappment at the lake 
margins.
Gypcrete formation
The micro-morphology and the occurrence in gypseous 
dunes indicate that gypcrete forms from pre-existing 
gypsum by secondary alteration during a relative stable 
period.
Watson (1983) reviewed various gypsum crusts including 
gypcrete and other indurated gypsum sediments. Several 
genetic models were evaluated. For gypsum crusts located 
obviously above the groundwater capillary fringe, a model 
of meteoric water leaching plus upward displacement is 
believed to be the most plausible (Watson, 1983). This 
model suggests that meteoric water leaching through 
gypseous profile produces crystallization at depth. The 
pressure caused by gypsum crystal growth (which may reach
262
4000 KN/m2) can displace the overlying host materials 
(Watson, 1983). Since crystal growth is limited by the 
availability of moisture, small crystals will predominate. 
Once growth has ceased, the ionic attraction of crystal 
faces is reduced and subsequent crystallization will occur 
at contacts between crystals, displacing them rather than 
increasing their size. Subsequent deflation or other 
erosional processes can remove the overlying sediments 
exposing the cemented gypsum horizon (Watson, 1983). At 
one or two sites in Lake Amadeus, gypcrete with overlying 
red soil may fit this model. However, the marginal 
terrace and terrace islands are capped by gypcrete, formed 
in situ from relatively pure gypsum sediment (6.3.2 and 
6.3.3) . Downward leaching is insignificant; there is no 
indication of any overlying parent sediments. This 
indicates that gypcrete formation processes may vary 
according to different conditions.
In general, neglecting displacement effects, gypcrete 
with a high gypsum content (>90%) cannot develop from a 
parent sediment with normal void ratio and low gypsum 
content (eg. 50%) simply by filling the voids. For 
example, for a parent sediment with 50% (by weight) of 
gypsum and an original 50% of void ratio (extreme 
condition), if all voids are subsequently filled by 
gypsum, the resultant gypsum content will be 75% gypsum. 
Therefore, to develop pure gypcrete, parent sediments must 
originally have had high gypsum content (eg. >80%).
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Gypcrete genesis by formation of micro-crystalline 
textured and massive gypsum is likely to occur by two 
processes:
i) Crystalization from solutions filling voids (Plate 
6.3.21).
ii) In situ recrystallization of original larger gypsum 
(Plates 6.3.22, 6.3.23).
The processes of leaching and recrystallization from 
solution may have occurred continously since the parent 
gypseous sediments were deposited, even since the gypcrete 
formed. This may be the major process for gypcrete 
formation. In addition, the direct transition from larger 
gypsum into micro-crystalline gypsum is a significant 
process in gypcrete formation. This process may result 
from repeated partial dissolution and recrystallization 
associated with wetting and drying. The solutes remain 
within the same zone rather than being removed.
Controlling factors for gypcrete formation
Gypcrete formation is controlled by multiple factors, 
mainly parent materials, time, climate, and geomorphic 
position.
The original or parent gypsum content will influence 
the gypcrete development (Fig. 6.3.13). Well-developed 
solid gypcrete can form on pure gypsum sediment, while the 
gypcrete formed on mixtures of gypsum (50%) and quartz may 
be less massive and will contain quartz. The gypcrete in 
this case will form below the surface For a sediment with 
low gypsum content (25%), gypcrete might never form but a
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1 mm
Pla te  6 . 3 . 2 1 ,  Thi n section of partiall y developed gypcrete. Microcrystalline crystals 
filling voids between larger host crystals.
1 mmi________________________ __j
Pla te  6 .3 .  2 2 ,  Thin section showing microcrystalline gypsum developing from larger 
primary crystals.
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V 1 '  •
0 .5  mm
!_______________________________ I
Plate 6 . 3 . 2 3 ,  Thin 3ection showing microcrystalline gyp3um developing from larger 
primary cry3tal3.
GYPSUM CONTENT %
1 00
]_
50
_J_______
25
1
0
J
Pure Gypcrete &
gypcrete rhizomorphs Rhizomorphs
-  -  - _ _ _ s
• ' --------Ä ; ; - . \ « N\ 3 N
/ / '.r„ ' W  k ar> n« 3 
d  er
Fig. 6.3.13, Diagram illustrating the influence of parent 
material on the horizonation of gypcrete formation.
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gypsum concentration zone may form at depth, as 
rhizomorphs or other aggregates of micro-crystalline 
gypsum in host sedimants.
The effect of geomorphic position can be seen by 
comparing the gypcrete on the gypseous dunes with that on 
the terrace surface. There are three types:
i) Subaerial type above the groundwater capillary
fringe: This occur on the dune slopes, and is represented
by Plate 6.3.24.
ii) Subaerial but close to the watertable. This occurs 
on surfaces of the marginal terrace and terrace island, 
and is affected mainly by meteoric water and slightly by 
groundwater. It is represented by unit 2 in Plate 6.3.7.
iii) Buried but above the long-term watertable. This 
occurs as indurated gypcrete within the marginal terrace 
sequence, laterally equivalent to the gypcrete on the dune 
slope (Unit 4 in Fig. 4.3.1). This type is affected by 
both soil water and groundwater (unit 4, Plate 6.3.7) .
The degree of gypcrete development can be assessed by 
the development stage of three factors:
A) the ratio of original to recrystallized 
microcrystalline gypsum,
B) thickness,
C) surface features.
Table 6.3.1 (A) compares these factors for the three 
gypsum categories identified above. The criteria used to 
establish the stage of development of each factor are
listed in Table 6.3.1 (B) .
Plate 6 . 3 . 2 4 Ko pi Dune s i t e ,  show ing  the  exposed  g y p c r e t e  on dune 3lope .
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A
G E O M O R P H I C  P O S I T I O N
S U B  A E R I A L
------------------------------------
B U R I A L
A b o v e  g r o u n d -  
w a t e r  c a p i l l a r y  
f r i n g e
C l o s e  t o  g r o u n d -  
w a t e r  c a p i l l a r y  
f r i n g e
A b o v e  l o n g ­
t e r m  w a t e r t a b l e
OLD
D U N E M i c r o c r y s t a l l i n e  
g y p s u m  %
> 9 5 % <20
G Y P C R E T E T h i c k n e s s > 5 0  c m < 1 0  c m
A G E S u r f a c e  f e a t u r e R a t i n g s  5 & 4 R a t i n g s  1 & 2
Y O U N G
T E R R A C E M i c r o c r y s t a l l i n e  
g y p s u m  %
2 0  to  6 0 %
G Y P C R E T E
T h i c k n e s s 5 to  2 0  c m
S u r f a c e  f e a t u r e R a t i n g s  2 & 1
B
A B C
Ratings Microcrystalline Gypcrete Surface
gypsum % thickness cm features
1 <1 Trace None.
2 1 to 10 <5 Poorly developed solution features.
3 10 to 50 5 to 20 Solution features, surface skin.
4 50 to 90 20 to 50 Solution features, surface skin 
small karstic features & jointing.
5 >90 >50 All above well-developed, and polygons 
with tee-pee structure.
Table 6.3.1, A. Classification of gypcrete, based on geomorphic positions and age. Ratings 
are based on features listed in B.
B. Criteria to evaluate gypcrete development stage, with rating 5 as the most 
highly developed.
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The comparison presented in Table 6.3.1 indicates the 
dominance of geomorphic position factors in gypcrete 
development. The time factor cannot be determined clearly 
because of insufficient samples to form a time series.
In summary, gypcrete, indurated white and massive 
gypsum, is characterized by micro-crystalline intergrown 
crystals. It originates from pre-existing relatively pure 
gypseous sediments during a stable pedogenetic phase after 
sedimentation ceases. Geomorphic position is one of the 
major controlling factor for gypcrete development. 
Subaerial conditions, obviously higher than the 
groundwater capillary fringe, are most favourable. The 
gypcrete genetic processes include leaching, dissolution 
and recrystallization, transforming original larger 
crystals (sand-sized or larger ) into fine (silt-sized or 
smaller) mass of cementing gypsum matrix.
History of Auger Island
By .summarizing the data, and interpretations presented 
above, the history of Auger Island is interpreted as 
follows (Fig. 6.3.14). At the end of Uluru Clay 
deposition, the lake became a groundwater dominated 
system. Low islands formed as the surface was lowered by 
groundwater bevelling and deflation. Similar processes 
have been identified in Raak Boinka of Southeastern 
Australia (Macumber, 1983). The first gypseous dune then 
formed, and the small pan on the island was entirely 
separated from the main playa. The island expanded during 
deposition of the Winmatti Beds, followed by a second
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A
B
Fig. 6.3.14, Illustration of gypseous dunes and island 
formation.
A. Slight undulating durface by the end of Uluru Clay 
deposition.
B. Reformed surface by groundwater bevelling process.
C. First gypseous dune formation.
D. Second gypseous dune formation.
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cycle of bevelling and deflation. The second gypseous 
dune then formed in the manner outlined earlier during 
high watertable phases.
Quartz dunes
We now turn to the quartz sand dunes which occur on 
some reaches of the Amadeus shore. These have the same 
orientation as the gypseous dunes. There are several 
different relationships between the two types of dunes. 
Most commonly the quartz dunes overly gypseous dunes. 
Sometimes a dune changes laterally from gypseous to quartz 
sand dune. Whether gypseous dune underlies the quartz 
dune section in such cases is unknown. Finally, quartz 
and gypseous dunes can occur side by side, in parallel. 
These shoreline quartz dunes may form in two ways: 
i) As a quartz sand residual after gypsum leaching in a 
mixed quartz/gypsum dune (residual quartz zone of 
Fig. 6.3.13); or
ii) Through drifting of quartz sand during regional dune 
field activation.
The first mechanism seems inadequate in terms of the 
mass balance problem. On some islands, the quartz mantle 
and dunes reach 5 to 10m thick. To obtain this, any 
original gypseous dune must have been at least twice as 
thick since the gypseous dunes on islands usually have low 
quartz content. The quartz dunes therefore involve 
another source.
To form quartz dune on the islands, sand must be blown 
across the whole playa. This appears to be impossible
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today, but the aeolian sand layer in the playa sediment 
sequence (layer D of Winmatti Beds, Fig. 6.3.1) indicates 
a former sand plain. This is entirely compatible with the 
quartz dune formation from a regional mobilization of 
dunes. This indicates an environment drier and windier 
than today.
6.3.5 CORRELATION OF DUNES, ISLANDS AND WINMATTI BEDS
Deposits of Winmatti Beds and their equivalents 
include the sequence in the central playa, the sequence 
beneath the marginal terrace, and shoreline gypseous and 
quartz dunes. Accurate correlation between them is 
difficult because of the lateral facies variation.
Primary sediments in playa marginal zones are often 
disrupted by groundwater gypsum. The depth to Uluru Clay 
beneath the dunes is not known, and the older gypseous 
dunes were not augered. Relationships at the playa margin 
are known only at the south terrace cross-section (Fig. 
4.3.1). However, correlations between dunes, islands, and 
Winmatti Beds of the playa may be reasonably inferred as 
shown diagrammatically (Fig. 6.3.15).
The similar geomorphic and sedimentary features of the 
terrace and the terrace islands (sections 2.2.2, 2.2.3, 
6.3.2 and 6.3.3) imply that they shared a common genesis. 
The marginal terrace and the terrace islands have flat 
surfaces which lie at identical levels throughout the 
system. Near the northern end of section 2 (Fig. 2.2.6),
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these are separated by only a few hundred metres of playa. 
The uppermost layer of both terrace and terrace islands 
consists of sand-sized gypsum with quartz sand, which 
varies from pure gypsum of the island in the playa centre 
to mixed gypsum and quartz sand towards the margin. As 
described earlier (6.3.2, 6.3.3), gypcrete is weakly to 
mediumly developed on both surfaces. The upper gypseous 
layer (unit 2 on margin and A2 on terrace island) may once 
have formed an extensive depositional surface perhaps 
extending across the whole playa system. Later decay by 
surface solution and perhaps deflation left both terrace 
and terrace islands as remanent features.
Leaching and degradational features of the brown 
gypsum sequence of the gypsum-ground (4.2.2), within which 
most terrace islands are located, suggest that it was 
degraded from the pale gypsum layer of the terrace 
islands. The pale gypsum layer of the terrace islands, of 
reworked pure primary precipitate (Table 6.1.2), was 
probably deposited in a relatively deep, clear brine, and 
might originally have extended across the whole playa. 
After a subsequent fall of water level, processes of 
pedogenic gypcrete formation, solution and terrace margin 
retreat became dominant.
Shoreline dunes appear to have formed in two phases, 
with quartz dunes following gypseous dune construction.
The quartz dunes are correlated with the aeolian sand 
layer in the Winmatti Beds (section 6.3.5) representing 
regional dune field activation. The younger gypseous
275
dunes predate the quartz dunes. These formed from 
groundwater seepage which would have supplied some surface 
water to the main playa (Section 6.3.4). The gypseous 
dunes therefore are correlated with aqueous sediments 
below layer D of the playa sequence, such as layers E, F 
and G of Fig. 6.3.1. A greyish sandy clay layer beneath 
the gypseous dune at Cliff Island and Irregular Island 
(6.3.4) is probably equivalent to layer F of the playa 
sequence. Layer E is therefore correlated with the 
younger gypseous dune.
A tentative stratigraphic model, shown in Fig. 6.3.15, 
summarises these relationships. The correlation of the 
older gypseous dunes and deeper units beneath layer F in 
the Winmatti Beds is uncertain.
6.4 SUMMARY AND CONCLUSIONS
The unconsolidated sediments in the playa consist of 
two major sequences: The Uluru Clay in lower part and the 
overlying Winmatti Beds.
The Uluru Clay, with a thickness at least 60m, 
overlies the playa basement bed rock - limestone of the 
Bitter springs Formation of Proterozoic age. The Uluru 
Clay sequence is consistant in lithology, consisting of 
clay horizons and minor intercalated gypsum.
The Clays are characterized by massive structure and 
the dominant brown, red and minor mottled colours. 
Additional to 70% clay component (kaolinite, quartz and
276
minor illite), it contains silt-sized and minor sand-sized 
grains which are mainly quartz with a few aggregates of 
red bed sediments and charcoal. Some fine (0.01 - 0.03 
mm) detrital carbonate grains found at one level of one 
core (AMI) may result from the local spring activity. The 
Uluru Clay contains no pollen grains or other fossils.
The intercalated gypsum in the Uluru Clay consists of 
4 types: sand-sized clastic grains (reworked impure 
primary precipitate); vein gypsum; secondary altered, fine 
textured and slightly cemented gypsum; and micro­
crystalline, massive and cemented gypcrete gypsum.
The Uluru Clay was probably deposited in a shallow 
water lacustrine and fluviatile environment with 
periodically saline and frequently dry conditions. It 
becomes coarser laterally, passing into Red Beds beyond 
the playa margin.
The Winmatti Beds comprise the top several metres of 
the sequence. They contain coarser sands and more gypsum 
than the Uluru Clay, and have grey colours. Lateral 
variations in lithology and thickness are significant. In 
the gypsum ground area near the playa centre, unit 
thicknesses are relatively constant. Here eight major 
sediment layers are identified which are significantly 
diverse in lithology, reflecting major changes of 
depositional environments. From the top downwards, there 
are:
A) Brown gypsum with clastic bands, degraded from the 
layer A2 by processes of leaching, solution and 
recrystalization.
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A2) Pale gypsum of reworked primary precipitate, 
deposited in a relatively clear and deep surface brine. 
This is represented in the marginal terrace and terrace 
islands.
B) Greyish gypsum and sandy clay, indicating saline 
playa conditions.
C) Thin, light grey quartz sand, deposited when playa 
condition returned after deposition of layer D.
D) Reddish aeolian sand with soil structures, 
representing a sand plain environment.
E) Greyish clayey sand and gypsum, a shallow water 
deposit.
F) Brown and greyish sandy clay with minor soil 
structures, a shallow water deposit affected by later 
pedogenesis.
G) Interbedded gypsum and greyish sandy clay, a saline 
playa sediment.
H) Reddish sand with little clay and slight soil 
feature, representing possibly a sand plain (or a dry 
playa) condition.
On the marginal land, two rings of gypseous dunes and 
some quartz dunes are the major equivalents of certain 
units in the playa sequence. The gypseous dunes, capped 
by an indurated gypcrete crust, consist of mixed sand­
sized gypsum and quartz sand with little clay. This 
probably was deposited by deflating near-shore gypsum 
accumulating in the groundwater seepage zone. The older 
gypseous dune formed possibly soon after the Uluru Clay. 
The younger gypseous dune is correlated with layer E of
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the playa sequence. A period of regional dune activation 
followed the younger gypseous dune formation and resulted 
in the aeolian sand deposit in the playa (layer D) and the 
thick quartz sand mantle on the gypseous dunes.
The sediments and stratigraphy of the Uluru Clay and 
the Winmatti Beds provide a sequence of depositional 
environments. Chapter 7 describes methods used to 
establish a chronology for this sequence.
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CHAPTER SEVEN- GEOCHRONOLOGY
In chapter 6, the stratigraphy and sedimentology in 
the playa and across the marginal zone have been 
described. Although dating of these sediments is 
difficult, two methods have been used here to provide age 
control. This chapter presents results of 
thermoluminescence (TL) and palaeomagnetism (PM) dating.
7.1 THERMOLUMINESCENCE DATING OF GYPSEOUS DUNE
TL dating of samples from Lake Amadeus was done by the 
author, under the directive of Professor J. Prescott and 
Mr. J. Hutton of Adelaide University. Professor Prescott 
also visited the field sites, where he took on-site gamma 
dose measurements.
Basic Principles
TL dating of quartz measures the time interval since 
the grains were last sufficiently exposed to sunlight for 
any prior TL to be effectively bleached. After burial, 
the grains are continuously subject to radiation from 
naturally occurring radio-isotopes (U and Th series and 
4^K), so that the trapped electrons that give rise to TL 
accumulate once again. The amount of accumulated TL is 
then proportional to the total radiation dose absorbed 
since bleaching. The total radiation dose required to 
produce the measured TL (the natural dose or ND) is found 
by comparison with the TL from a known artificial dose
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given in the laboratory. Dose rate can be found from 
chemical analysis of the sample for K, Th and U, or from 
thick source alpha counting or from gamma-scintillometry 
measurement in the field. The age is then the natural 
dose divided by the annual dose.
The theory and various laboratory methods of TL 
dating, currently in rapid development, are described 
thoroughly by some authors, e.g. Aitken (1985) . The 
principles of the methods used in this study are described 
in appendix 4.
Field work
Three samples were taken from the gypseous dune at 
Cliff Island (LA4, Fig. 6.1.1), where the exposed section 
allows full description, sampling and dose measurement. 
Fig. 6.3.10 shows the profile and sampling points. Nine 
samples were taken from the Kopi Dune site (LA3, Fig. 
6.1.1), where 3 layers of gypcrete are separated by layers 
of mixed quartz grains and gypsum crystals. Fig. 7.1.1 
shows the profile and sampling points. During sampling, 
the sandy sediments taken out by auger were kept from the 
sunlight and placed in black plastic bags. Gamma dose 
rate was measured by Professor Prescott at each site with 
a portable 4 channel gamma scintillometer. At Cliff 
Island, these measurements were made directly in the 
sampling auger holes. At the Kopi dune site, measurements 
were from a hole drilled one year previously, located 2 m 
from the sampling hole.
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Gypsum Quartz Y dose rate
Depth content % content % Gy/Ka
0 50 100 0 50 100 0 0.25 0.5
• LA3/0.8
• LA3/1.0
• LA3/1.25
• LA3/1.95
• LA3/2.2
• LA3/2.45
•  LA3/2.8
• LA3/3.0
• LA3/3.4
Gypcrete
Siliceous sand
Gypsum crystals
TL Samples
Supplementary
samples
Fig. 7.1.1, Section of LA3 (Kopi Dune) site. Location,
see Fig. 6.1.1
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Natural dose measurement
The TL measurements were based on the quartz inclusion 
method described by Aitken (1985). The 90 to 125 micron 
quartz grains were obtained by removing gypsum by repeated 
washing with hot HC1 (about 20% concentration), sieving, 
followed by heavy liquid separation with sodium 
poiytungstate of densities 2.5 and 2.66 (density of 
quartz, 2.6). Then the quartz grains were etched in 40%
HF acid for 40 to 50 minutes at 20°C to remove the outer 
layer which has been exposed to alpha radiation. The 
laboratory procedure is described more fully in Appendix 
5.
The prepared grains were loaded as a monolayer on to 
stainless steel discs for measurements. The discs were 
heated in an inert atmosphere to 500°C at a constant 
heating rate of 5°K s“1. The amount of light emitted (TL) 
was measured with a photomultiplier and recorded by a 
multichannel reader. TL intensity is plotted against 
temperature to produce a "glow curve". Glow curves, 
typical of Amadeus sammples, are shown in Fig. 7.1.2.
Additional to the measurement of the naturally 
acquired TL (NTL), regenerated TL (RTL) and additive TL 
(ATL) were measured. Some loaded discs were exposed to 
natural sunlight for up to several days. The residual TL 
after sunlight bleaching was about 9% of NTL, peaking at 
375°C, for all samples for any bleach time exceeding six 
hours. After this exposure a measured range of beta doses 
was given to the bleached specimens to regenerate TL. At 
the same time, some unbleached specimens were given
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measured beta doses which increased their TL above initial 
NTL levels.
A graph of the ratio NTL/ATL as a function of 
temperature defines a plateau curve. From it the 
temperature region is defined within which the final age 
determination is made. Light emitted at sufficiently high 
temperatures comes from energy with a large storage time 
in the quartz. In preliminary measurements the plateau 
was shown to extend from 290° to above 500°C for both LA3 
and LA4 samples. For dating, the mass-normalized TL 
photon count of the 325°C peak is used, which is the 
average of the 10 channels covering the range 315-335°C, 
divided by the sample mass (in mg). After this 
normalization, there is still a disc-to-disc variation of 
the order of 7 to 10% for the samples. Because of this 
variation, 10 discs were measured for determining the NTL 
of each sample and 4 to 6 for the points in the 
regeneration and the additive curves.
The regenerated TL of all the discs from eight samples 
from both sites are plotted against dose received in Fig. 
7.1.3. A logarithmic curve was fitted by least squares 
regression, to form the curve shown in the figure. It is 
shown subsequently that there is a subset of the LA3 
samples which is apparently anomalous. However when 
samples from LA3 (either as a group or as two groups) are 
taken together, there is no difference in the shape of the 
regenerated TL curve. Therefore the shape was determined 
by taking all data together. These are the data shown in 
Fig. 7.1.3. The spread of readings for individual discs
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is clearly shown. However since the number of points for 
each dose is twenty discs, the average shape is well 
defined (r^  = 0.95). This curve was used for all 
subsequent estimation of equivalent radiation dose (ED).
The data for each sample used for dating consist of an 
additive series, of NTL + beta dose for a range of doses 
from zero to 24.3Gy. These data were fitted by the same 
least squares procedure to a logarithmic curve and the 
fitted curve was then used to calculate the best-estimate 
value at zero dose. This may differ from the measured NTL 
value, but is statistically a better estimate. This value 
was then inserted into the equation of the regenerated 
curve, to find the ED (dose equivalent to the natural 
dose) .
Figures 7.1.4, 7.1.5 and 7.1.6 show the data for LA4 
samples and for two groups of samples from LA3. In 
Figures 7.1.4 and 7.1.5, the fitting procedure shows that 
the additive series are fitted consistently by the 
regenerated curve. In the case of Fig. 7.1.6, however, 
the additive series and regenerated curves appear not to 
be consistent although within the statistical errors, the 
slopes are barely different. For this reason these 
samples are not included in the further analysis. The 
slope change could have resulted from a change in 
sensitivity of the quartz on bleaching. Whether this 
change in sensitivity is real or only apparent requires 
further study. There is no reason to suppose that the 
quartz is any different in these samples. In any case 
these samples (LA3/1.0, LA3/1.95 and LA3/2.45) come from
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Photons per channel 
per mg (x10 4 )
LA4/1.5 •  
LA4/3.0 ■ 
LA4/4.0 a
20 30 Gy
Fig. 7.1.4, NTL and NTL plus beta for 3 samples of LA4 
site, compared to the regeneration curve 
(dashed line).
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Photons per channel 
per mg (x104)
9 -
4 - 
3 - 
2 -
LA3/0.8 ♦
LA3/2.2 •
LA3/2.8 ■
LA3/3.4 ▲
1 -
NTL io 20 30 Gy
Fig. 7.1.5, NTL and NTL plus beta for 4 samples of LA3 site, 
compared to the regeneration curve (dashed line).
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Photons per channel 
per mg (x10^ )
if
4 -
3 -
2 -
1 -
LA3/1.0 •
LA3/1.95 *
LA3/2.45 ■
NTL
_j , |
10 20 30 Gy
Fig. 7.1.6, NTL and NTL plus beta for 3 samples of LA3 
site, compared to the regeneration curve
(dashed line).
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boundaries between gypcrete and sandy sediments (Fig. 
7.1.1), where dosimetry and the calculated ages are 
uncertain.
Annual dose measurement
A variety of methods was used to estimate the annual 
dose. The concentrations of the parent radioactive 
isotopes U, Th-and K for each sample were found by XRF. U 
and Th were determined also by neutron activation. For 
each sample, thick source alpha counting employed the 
pair-counting technique (Aitken, 1985) for Th, and total 
count for U, Th and total dose rate. The counting time 
ranged from 4 to 7 days, sufficiently long for 2 - 3 %  
accuracy in total dose rate evaluation. Field gamma 
scintillometer measurement gave K, U and Th and total dose 
rate. These measurements were all done by Professor J. 
Prescott or his staff at Adelaide University. The 
analyses and dose rates are shown in Table 7.1.1 and are 
generally in close agreement. An exception is sample 
LA3/1.0, which has a scintillometer dose rate 
substantially higher than the other two estimates. This 
measurement was made close to the interface between 
gypcrete and sandy layers and the scintillometer reading 
will lie between the low radiation of the first and the 
higher gamma radiation of the overlying sandy layer 
(LA3/0.8).
This system of independent measurements provides an 
excellent check on the dose rates and shows that 
radioactive disequilibrium is not present at either site.
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The annual dose rates for the age determination are 
obtained by averaging the results of the 3 methods for 
gamma-dose from Table 7.1.1; for beta dose using the 
elemental analyses of Table 7.1.1, (with correction for 
residual alpha contribution and water content). These 
factors plus cosmic rays are included in the dose rate 
calculation, following Prescott and Hutton (1988) .
The TL ages
The TL ages of the samples are obtained by dividing 
the natural dose, here the calculated ED, with the annual 
dose rate derived above. The results are listed in Table 
7.1.2.
A TL age contains errors possibly introduced from a 
variety of sources, ranging from laboratory processes to 
the natural history of a sample. These numerous error 
sources, of which some are hardly quantifiable, make it 
very difficult to assign an accurate error limit. The 
error ranges attached to the ages (Table 7.1.2) are simply 
20% of the age, doubling the more typical error limit of 7 
- 10% found for pottery (Aitken, 1985) .
Result Reliability
Checks on these TL ages from other dating methods are 
not available.
The three dates of the site LA4 show a good 
consistency, which is to be expected from the relatively 
uncomplicated stratigraphy. The four dates of the site 
LA3 are generally consistent when the error ranges are
Sample ED Annual Dose Rate Age
(Gy) (Gy/ka) (ka)
LA4/1.5 24.6 0.49 50 ± 12
LA4/3.0 28.3 0.54 52 ± 12
LA4/4.0 40.2 0.68 59 ± 14
LA3/0.8 37.0 0.84 44 ± 9
LA3/2.2 70.9 1.44 49 ± 10
LA3/2.8 39.7 0.84 47 ± 10
LA3/3.4 61.3 1.36 45 ± 9
Table 7.1.2, Results of ED, dose rates and TL ages.
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considered. Although the equivalent doses of the samples 
in this profile vary by a factor of nearly two from 37 to 
71 Gy, the dates obtained cluster from 44 to 49 ka. This 
argues for the reliability of the results. Although the 
growth curves of LA3 1.0, 1.95 and 2.45 (Fig. 7.1.6) are 
not consistent with the regenerated curve, and results are 
not included in the age - Table 7.1.2, they give age 
results which, on the whole, are consistent.
The aeolian genesis of the sediments ensures that the 
quartz grains had been exposed to sunlight for a period 
probably much longer than several hours. The TL signals 
of the quartz grains sunlight-bleached in laboratory are 
uniformly low and within a small range although the 
bleaching time varied from 6 up to 48 hours. If the 
quartz sand behaved similarly during aeolian transport and 
deposition, the error rising from the initial TL would be 
negligible. However, Readhead (1984) found that the TL 
signals of surface samples collected in field are higher 
than that bleached in laboratory. This higher TL can be 
readily lowered by several hours bleaching in laboratory. 
There is no adequate explanation although he suggested 
(Readhead, 1984) that different grain packing densities of 
natural sediments and laboratory-prepared specimens might 
be the cause. In TL dating of Lake Amadeus samples, no 
surface samples were analysed, which leaves an uncertainty 
of existance and estimation of this problem. If the 
Amadeus samples have different bleaching behaviours in 
field and in laboratory, the age estimates would be too 
great. There is no quantitative analysis on this
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phenomenon in Readhead's study. However, the 3 pairs of 
glow curves for the surface samples, natural TL and TL 
after several hours bleaching in laboratory show that the 
difference varies but the natural TL is less than twice 
that after bleaching (Readhead, 1984). Assuming the 
Amadeus samples have an initial TL during deposition of 
twice that defined in laboratory, roughly 5 to 15% error 
is expected for the results in Table 7.1.2. This is 
within the error range (20%).
Several samples, as LA3/2.2 and LA3/3.4, have 
relatively high natural doses (around 60 Gy) but they are 
still some way from saturation. The regeneration curve is 
well defined and most of samples show a high similarity 
between the regeneration curve and the additive curves.
The annual dose estimation is more complex because of 
the nature of stratigraphy. For the LA4 site, the 
relatively uniform sediment sequence results in small 
variation in the content of radioactive elements and the 
dose rate increases gradually with depth. This is matched 
by dose increasing with depth so that the ages for all 
three samples are similar (Table 7.1.2). The lithological 
variation in the LA3 sequence causes a larger variability 
in the dose rate down the profile (Table 7.1.1 and Fig. 
7.1.1). The layers with high gypsum content (gypcrete) 
are low in radioactive elements and consequently have low 
dose rates. The sandy layers on the other hand have 
higher ones. In the horizons close to the sharp 
lithological boundaries, the dose rate calculated from the 
radioactive elements may deviate significantly from the
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exact value, because the long effective range (30 cm) of 
gamma rays brings a dose contribution from a different 
horizon. Sample LA3/1.0 is such an example, as mentioned 
above. The scintillometer measurement and the sampling 
were carried out in two separate holes at the site LA3 
and, although care was taken to correlate the depths, 
there remains a difficulty in accurately locating the 
boundaries.
Moreover, some uncertainties may exist in the in situ 
history of the samples themselves. The gypcrete is very 
likely a product of gypsum dissolution, leaching, 
recrystalization and concentration (6.3.4). The increase 
of gypsum content in the gypcrete horizons has the effect 
of a progressive dilution of dose rate because gypsum is 
an almost non-radioactive material. The sandy horizons 
may be much less influenced by this problem for there is 
little evidence of secondary gypsum intrusion. For this 
reason dates LA3/0.8, LA3/2.2 and LA3/3.4 from the middle 
of the sand horizons are likely to have been the least 
affected.
All the samples, from both the sandy layers and the 
gypcrete horizons, are currently very dry (moisture 
content <1%) and they are assumed to have been dry since 
the gypcrete formed. If the gypcrete formed soon after 
the dune sediment accumulation, the effect from the pore 
water is negligible. If different situations existed, 
more errors would be inevitable because of the 
uncertainties of sediment moisture in the past.
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Summary
1) ED determination of the samples is reliable, 
especially for phose of Cliff Island. Bigger error ranges 
in ED estimation are expected for the samples of Kopi dune 
site.
2) Results of annual dose evaluation are satisfactory. 
The 3 parallel methods provided consistent results.
3) The sample ages derived should be reliable from the 
view of the TL method.
4) Bigger error ranges are expected for the samples of 
Kopi dune site because of the less consistency of TL 
growth features and the complicated lithological 
variation.
5) The dates of the two sites are substantially same.
The gypseous dune construction occurred within the period
45 to 60 ka B.P.
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7.2 PALEOMAGNETIC DATING
7.2.1 PRINCIPLES, MEASUREMENT AND SPECIMEN RELIABILITY
Paleomagnetic analysis can be used to date Quaternary 
sedimentary sequences based on the following two facts.
1) The polarity of the earth's magnetic field has 
alternated many times in the past, with normal polarity 
refering to the present-day polarity and reversed polarity 
to the opposite. The polarity reversal history of the 
geomagnetic field is well established for the late 
Cenozoic, including the Quaternary period (Table 7.2.1).
2) During deposition, or during a short period 
thereafter, sediments can obtain a remanent magnetization 
with a similar direction to the ambient geomagnetic field 
vector. This magnetization can be preserved subsequently, 
and is termed the primary remanent magnetization. 
Therefore, when the primary magnetization of a sediment 
sequence is determined, a comparison with the 
established reversal polarity timescale can indicate 
possible age ranges of the sequence.
However, besides the primary magnetization, sediments 
often possess secondary ones as well, e.g. viscous 
remanent magnetization. The actual magnetization of the 
sediments may consist of several components obtained 
during different periods, through different mechanisms 
and with different directions. This composite 
magnetization, termed natural remanent magnetization
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Table 7.2.1 Chronology of epochs and events in magnetic field reversals 
of the past 5 million years (from Berggren et al., 1985).
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(NRM), may differ from the direction of the geomagnetic 
field during the deposition period.
Progressive demagnetization is used to try to reveal 
the components of magnetic remanence of the sediments so 
that the primary magnetization can be picked out. This is 
possible provided the different magnetic components have 
different magnetic stabilities. Alternating magnetic 
field (AF) demagnetization is convenient for 
unconsolidated sediments, but it is ineffective for 
haematite-bearing specimens with very high coercivity. 
For reddish and highly weathered sediments, which often 
contain haematite, thermal demagnetization (TH) may have 
to be used (Tarling, 1983). However, the preparation of 
suitable specimens from friable sediment demands much 
more effort and time. Therefore, TH demagnetization is 
used only when absolutely necessary.
A total of 15 cores have been analysed for 
palaeomagnetism, including three 15m cores (AMI, AM2,and 
AM3) and 12 short cores (positions see Fig. 6.1.1). One 
long core (AM3) and 6 short cores (SC26, SC105, 107, 201, 
202, and SC204) were sampled at intervals of approximately 
20 cm or less. Other cores were sampled at greater 
intervals for comparative purposes. A total of about 200 
specimens were taken using 8 cm^ cubic plastic pots that 
were pressed into the moist, soft sediments by hand.
Specimens for thermal demagnetization were first 
dried at room temperature, then removed from their pots. 
The friable sediments were stuck together by painting with 
a flame proof coating that contains 10.7% of non-volatile
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components of titanium dioxide, silicates and silicone 
resin (trade mark VHT, from Sperex Corp., Calif. USA).
After measurement of the natural remanent 
magnetization (NRM) of all specimens, progressive 
demagnetization was carried out on selected pilot 
specimens: 8 specimens were thermally demagnetized at 
steps of 50, 100, 150, 200, 250, 300, 400, 500 and 700°C, 
and about 40 specimens were AF demagnetized at steps of 
50, 100, 150, 200, 250, 300, 400, 500 and 700 oersted. Of 
the remaining specimens, about 130 were AF demagnetized at 
200, 300, 400, and 500 oersted, and 23 were thermally 
demagnetized at 200, 300, 400 and 500° C. Initial (low 
field) magnetic susceptibility was measured for all 
specimens.
The results of progressive demagnetization for each 
specimen were displayed as a plot of normalized intensity 
of magnetization against peak demagnetization field (or 
temperature), a stereographic projection of the magnetic 
directions after each step; and an orthogonal (Zijderveld) 
plot showing projections of the magnetic vector onto 
horizontal and vertical planes (as in Fig. 7.2.1).
The reliability of the palaeomagnetic results for each 
specimen are classed according to how clearly a primary 
magnetic polarity signal can be identified.
Reliability 5 - reliable. After viscous remanent 
magnetization (VRM) is removed, a single stable component 
is left (Fig. 7.2.1 a).
Reliability 4 - relatively reliable. The 
demagnetization curve may be complicated and directions
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variable, but stable components can still be recognized, 
and inclination stays either positive or negative (Fig.
7.2.1 b).
Reliability 3 - usable. The demagnetization curve is 
complicated and directions are too variable to show 
clearly any stable components. However, the inclination 
of the hard magnetization keeps the same sign, with only 
occasionally a single exception (Fig. 7.2.1 c).
Reliability 2 - unreliable. Directions are highly 
scattered, but a dominant inclination polarity still 
exists (Fig. 7.2.1 d).
Reliability 1 - unusable. Directions are scattered 
and show no dominant polarity.
Of the 201 specimens treated, 84 (42%) were assigned
reliability 5, 50 (25%) were assigned reliability 4, 29 
(14.5%) were assigned reliability 3, 15 (7.5%) were 
assigned reliability 2, and 23 (11%) were assigned 
reliability 1.
7.2.2 PALAEOMAGNETIC RESULTS AND POLARITY 
INTERPRETATION
Results for each core are plotted in Figs 7.2.2 
through 7.2.6. The geocentric axial dipole inclination 
for the latitude of Lake Amadeus is 43°. This is the 
expected inclination of the time-averaged geomagnetic 
field in either polarity state, and is shown by the dashed 
lines on the figures (the present-day inclination at Lake 
Amadeus is -57°).
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For most specimens the characteristic directions 
plotted were obtained after AF or thermal demagnetization 
to approximatelly half the initial NRM intensity.
Specimens with reliability 1 were discarded. The 
declination data for long cores is of little use because 
the cores were recovered in short ( 50 cm) sections 
without relative azimuthal orientation.
The surface sediments of the playa lie within the 
Brunhes normal epoch. This is consistent with the TL 
dates of gypseous dunes and the correlation between the 
dune and playa stratigraphies (7.3).
Short cores
The three short cores (SC107, SC105 and SC26) from the 
salt-flat show normal polarity throughout with high 
reliability ratings (Fig 7.2.2). One specimen from SC105 
shows a low positive inclination, but has low reliability 
(2) and is discounted. Therefore, these three sequences 
were all deposited during the Brunhes normal chron. As 
prsented earlier (Fig. 6.3.3), the bottom sandy clays of 
SC105 and SC107 are probably layer E of the Winmatti Beds. 
These results show that the B/M boundary should be deeper 
than layer E.
The seven short cores (SC101, 102, 104, 106, 203, 204 
and 205) from the gypsum-ground became partly disturbed 
during coring and transportation to the laboratory due to 
the abundance of loosely compacted gypseous sediments. 
Although the cores can be correlated lithologically, the
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palaeomagnetic data were mostly inconclusive, and had low 
reliability ratings.
Long core AM3
This 15 m core was taken from the central part of 
gypsum-ground (Fig. 6.1.1). Recovery was incomplete in 
the upper 2.5 m. The results (Fig. 7.2.3) show that both 
intensity and susceptibility in the upper 2.5 m vary 
greatly, being low in the gypseous layer and very high in 
the reddish sand layer. In the distinctive long clay 
sequence below this, the intensity of magnetization 
fluctuates, being higher in the reddish and lower in the 
olive and brown layers. However, the magnetic 
susceptibility stays remarkably constant. This suggests 
that the bulk magnetic lithology is relatively 
homogeneous, and that the small fraction of grains 
carrying the magnetic remanence are preferentially 
influenced by irregularities in weathering effects.
There are two plausible polarity interpretations (a 
and b on Fig. 7.2.3). In each case the B/M boundary is at 
a depth about lm. Its position cannot be established more 
accurately as the specimens at this depth give relatively 
low palaeomagnetic reliability ratings. This result is 
consistent with the gypsum-ground short cores. The upper 
3 m of the core, the Winmatti Beds, appear to contain 
several breaks. Hence the lengths of the 
magnetostratigraphic zones in the upper sequence are not 
proportional to the magnetic polarity timescale. The 
first normal event below the B/M boundary might be either
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the Jaramillo (interpretation a) or the Olciuvai subchron 
(interpretation b). The event coincides with the 
change of lithology from the Uluru clay sequence to the 
overlying Winmatti Beds. The well defined normal section 
at the bottom of the core must then represent either the 
Olduvai subchron (interpretation a) or the Gauss ehren 
(interpretation b).
Interpretation b indicates a long time break between 
the top Uluru Clay and the overlying Winmatti Beds, 
lasting at least 0.75 Ma from the Olduvai to a time 
between the B/M boundary and the Jaramillo subchrone. No 
stratigraphic, pedologic or geomorphic features can be 
found to support such a long hiatus. In the absence of 
more evidence, interpretation a is used in later chapters 
although interpretation b cannot positively be ruled out.
Long core AM2
This 15 m core was taken from the salt-flat on Section 
2 (Fig. 6.1.1). Palaeomagnetic sampling was restricted to 
intervals of about 50 cm. The results (Fig. 7.2.4) show 
similar features to AM3 in the lower clay sequence, 
with the same polarity transitions recorded at almost the 
same depths. The same alternative interpretations a and b 
for core AM3 are applicable to AM2.
The top specimen (depth 140 cm) in AM2 has negative 
inclination. Adjacent short core SC105 and short core 
SC107 also taken from the salt-flat, show normal (Brunhes) 
magnetization to depths of 106 cm and 138 cm respectively. 
The sandy layer below 2m, probably layer H of Winmatti
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Beds, shows positive inclination. Therefore, the B/M 
boundary in core AM2 must lie between 1.4m to 2m.
In AM3, layer H of Winmatti Beds shows also positive 
inclination. However, specimens from layers F and G are 
rare and have low palaeomagnetic reliability ratings. 
Therefore, the position of B/M boundary cannot be located 
accurately in both AM2 and AM3 with the available data. 
However, it should occur in either layer F or layer G of 
the Winmatti Beds.
Long core AMI
This core, from the eastern zone of the playa differs 
significantly from results of AM2 and AM3 closer to the 
dipositional centre. Because of abundant gypsum and 
gypcrete layers in core AMI, the sampling interval used 
was coarser than in AM2. The results (Fig. 7.2.5) show a 
more complicated pattern of inclination behaviour, 
particularly between 3m and 9m depth. The susceptibility 
plot shows that, again, the bulk magnetic lithology is 
very uniform. A major boundary exists at about 9 m, 
above which positive inclination is dominant and below 
which negative inclination is dominant (down to 13.5 m). 
This is taken to be the Matuyama-Gauss boundary for the 
following reasons. (Note: AMI differs from AM2 and AM3, 
and shows only one interpretation.)
Firstly, the nearby short core SC26 shows normal 
polarity within the top 68 cm, representing the Brunhes 
chron. The upper part of AMI underlies this and is 
therefore probably of Matuyama age.
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Secondly, the sedimentation rate at the site of AMI, in 
the narrower eastern part of the playa basin, is 
expected to be lower than at the sites of AM2 and AM3 
which are closer to the sedimentation center. Several 
pits and auger holes proved that in the narrower 
eastern part of the playa near AMI the Uluru clay sequence 
is first encountered at depths of 50 to 100cm, compared to 
300 cm in cores AM2 and AM3.
Therefore the major normal section in the sequence 
represents the Gauss chron, with the Gauss-Gilbert 
boundary (3.4 Ma) at about 13.5 m. The single specimen 
with positive inclination at 11.7 m depth probably falls 
within the Mammoth (3.18 - 3.08 Ma) or Kaena subchron 
(2.99 - 2.92 Ma). The interpretation of the two low 
negative inclination results within the Matuyama is less 
clear. The lower one at 6.3 m has a low reliability 
rating and may be spurious. The upper one at 4.4 m could 
lie within the Olduvai, but further evidence from 
additional cores is needed.
To sum up:
1) More than 80% of the specimens studied provided 
primary palaeomagnetic polarity data.
2) The surficial sediments of the playa were deposited 
within Brunhes normal epoch, no further absolute dates 
from other methods are available for calibrating 
paleomagnetism results. Consequently, uncertainties 
remain in correlating the polarity boundaries of the cores 
to the standard polarity timescale. Therefore, the
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chronology interpretation of the results should include 
several possibilities.
3) The Brunhes/Matuyama boundary exists less than im at 
AMI site, but within a range from 1.4 to 2 m (layers F and 
G of the Winmatti Beds) at AM2 and AM3 sites.
4) The beginning of the Winmatti Beds coincides probably 
with the end of the Jaramillo subchron (0.91 million yr 
ago) and less possibly with the end of the Oduvai subchron 
(1.6 million yr ago) .
5) The Uluru clay sequences of AM2 and AM3 are similar, 
not only in lithology but also in palaeomagnetic features. 
These 15 m sequences go down to at least the Olduvai 
subchron and also possible to the Gauss chron. In core 
AMI the Matuyama/Gauss boundary (2.47 Ma) occurs at about 
9m depth and the base of the core probably penetrates the 
upper Gilbert chron (3.4 Ma).
A diagram summarizing the magnetostratigraphic 
interpretations is shown in Fig. 7.2.6.
The possible sedimentation rates of core AM3 are shown 
(Fig. 7.2.7) without allowance for deflation and hiatuses.
7.3 DISCUSSION AND CONCLUSION
As presented earlier (Chapter 2), there are at least 
two, possibly three rings of gypseous dune which formed 
probably during seperated dune-formation episodes. The TL 
dates of both sites (Cliff Island and Kopi dune) are
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substantially same, falling in a range of 45 - 60 Ka.
There is only one gypseous dune at Cliff Island site, 
possibly the younger gypseous dune formation as discussed 
earlier (6.3.6). At the Kopi dune site, there is also one 
ring of gypseous dune. In general, therefore, the TL 
dates provide the age of the younger episode of gypseous 
dune formation.
However, through the dune sediment sequence of Kopi 
dune site, there are three gypcrete layers interbedded 
with layers of mixed gypsum sand and quartz sand (Fig. 
7.1.1). All the TL dates from this sequence are basically 
identical, which suggests two possibilities:
1) If the TL dates are accepted, the formation of 
gypcrete (see 6.3.4) must be a relatively rapid 
process.
2) If the formation of gypcrete needs long time, eg. over 
10 Ka, the TL dates must be wrong. It is not possible 
to form three separate gypcrete layers simultaneously 
after deposition of the dune.
As discussed earlier (6.3.4), the time factor for 
gypcrete formation is not known accurately. Gypcrete of 
medium development has formed on the terrace and terrace 
islands. This indicates relatively rapid formation 
(6.3.4), From the viewpoint of TL method, all the TL 
dates show relatively high reliability (7.1). Therefore, 
before more data are available, the TL dates are accepted.
As discussed earlier (6.3.6), the younger gypseous 
dune formation may correlate with the layer E of Winmatti 
Beds. The PM results show that B/M boundary (730 Ka) is
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below layer E, in layers F or G (7.2). This is generally 
compatible with the TL results.
Although some uncertainties remain in the results of 
both TL and PM dating, a basic chronologic control has 
been obtained (Fig. 7.3.1) which can be summarized as 
follows:
i) The younger gypseous dune formed around 45 to 60 Ka
B.P .
ii) The B/M boundary (730 Ka) is located within the 
Winmatti Beds, in layer F or layer G.
iii) The transition from Uluru Clay to Winmatti Beds
is tentatively correlated with Jaramillo subchrone
(910 Ka).
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CHAPTER EIGHT ENVIRONMENTS OF DEPOSITION
The development of Australian landforms since Permian 
time was summarized by Ollier (1977) and Wasson (1982).
By the start of the Tertiary, Australia was already a 
remarkably flat continent, resulting from long-continued 
erosion and widespread Cretaceous sedimentation (Ollier, 
1977). During the Tertiary, the prevailing geomorphic 
history over most of Australia was characterised by 
periods of deep weathering, laterite formation, silcrete 
formation and the stripping of weathered materials.
Several erosion surfaces can be recognized in a vast area 
of Australia, which are not mere reflections of renewed 
erosion following base-level changes, but also involve 
climatic change (Ollier, 1977).
The climate in the area of present-day arid Australia 
was generally more humid during the Tertiary, indicated 
not only by laterites and silcretes but also by 
palaeobotanical records (Truswell and Harris, 1982) . Some 
pollen data obtained from Napperby and Hale River Basin in 
central Australia indicate the existance of forest (even 
rainforest) during Middle to Late Eocene (Truswell and 
Marchant, 1986; Kemp, 1976). Pollen data are absent for 
central Australia from Eocene to Quaternary. Data from 
southern Australia indicates a general climatic trend of 
increasing aridity since the Miocene (Bowler, 1982).
Discussion of the Amadeus playa evolution in this 
context of longer time scales is based on the chronology,
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sediments and landforms genesis presented in previous 
chapters.
8.1 PRE-QUATERNARY (CAINOZOIC)
The Cretaceous sea did not reach Lake Amadeus. The 
Cretaceous Runbalara Shale containing marine fossils 
occurs only in eastern part of the Amadeus Basin, at least 
150 km from the playa margin (Wells et al., 1970). In 
terms of playa evolution, the sequence begins in Tertiary 
time.
Some Tertiary terrestrial sediments are exposed in the 
area adjacent to the playa (mentioned in 1.4). Most such 
exposure occur topographically higher than the modern dune 
fields and sand plain. In general, the Tertiary landforms 
and sediments are sparsely distributed; they have not been 
studied in detail.
The possible existance of a Tertiary drainage system 
that may have connected Amadeus with Lake Eyre (Chapter 2) 
is not yet substantiated by positive evidence. A layer of 
gravel has been observed on the banks of Karinga Creek, 
more than 100 km east of Lake Amadeus. This consists of 
highly weathered gravels, several cemtimetres in diametre 
and overlain by a calcrete. More exposures can be found 
along the creek (Fitchett, personal comm.). The age and 
extents of this gravel facies remains uncertain. The 88 m 
Amadeus core, discussed in Chapters 1.3 and 6.2, records a 
nearly uniform clay sequence which unconformably overlies
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the underlying pre-Cambrian limestone of the Bitter 
Springs Formation.
Palaeomagnetic dating indicates that the upper 15 m of 
sediments beneath the playa may represent between 1.6 Ma 
to 2.47 Ma or more. The Uluru Clay in the 88m core is at 
least 65 m thick. If the sedimentation rate estimated 
from the palaeomagnetic analysis (7.2) is extrapolated 
through the sequence, the bottom (at 65 m) may be as old 
as 5 Ma to 12 Ma, (Pliocene or late Miocene). If Tertiary 
drainage existed through the lake basin, it probably 
occurred earlier than deposition of the Uluru Clay; 
alternatively it may be represented in sediments other 
than the 88 m core site.
Because of paucity of data, Tertiary landform 
evolution in the region and in the playa is known only 
from the following few points:
1) Tertiary laterite, silcrete and conglomerate 
recorded widely in inland Australia do not occur 
within the playa region.
2) The depression forming the playa basin might 
originate from late Tertiary times, between 5 to 
12Ma as estimated for basal Uluru Clay. In the 
central part of the playa, older sediments may 
exist. The Uluru Clay sequence, with a fluvio- 
lacustrine origin, suggests more surface water 
inflow and a wetter climate than present-day.
3) Insufficient evidence is available to verify 
activity of the Tertiary drainage system.
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8.2 LOWER QUATERNARY, UPPER ULURU CLAY
As presented in 6.2, the distinctive clay sequence 
(Uluru Clay) begins from 3 to 4 m below the playa surface 
down to the underlying bed rock. Either the Olduvai 
subchrone (1.66 Ma) or the Matuyama/Gauss boundary (2.47 
Ma) are located at a depth of 13m in cores AM2 and A M 3 .
The Gilbert chrone (3.4 Ma) is probably reached at 13m in 
core AMI. This Uluru Clay is homogeneous in lithology; no 
pollen nor other biological fossils have been found.
There is no distinct lithological boundary 
corresponding to the Quaternary/Tertiary boundary, which 
is now placed at or close to the Matuyama/Gauss contact 
(Kukla, 1987). Irrespective of whether the M/G boundary, 
or the Olduvai subchrone, correspond with the magnetic 
changes at 13m in AM2 and AM3, the Q/T boundary must lie 
within the upper 20 m of the Uluru Clay, which remains 
relatively uniform throughout. This suggests the 
environment in this region did not respond in any special 
way to changes that may have occured elsewhere. By 
comparison, at Lake George, the Gauss/Matuyama boundary 
corresponds to a major depositional change from a long 
period of slope-debris deposition to a deep water facies 
indicating the reactivation of the lake under wetter 
conditions (Singh et al., 1981). In the Murray basin, the 
Gauss/Matuyama boundary within the Blanchetown clay 
sequence corresponds to a discomformable horizon indicated 
by evidence of oxidation along a bedding plane (An et al.,
1986) .
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Frequent surface water inflow is implied during this 
period. The detrital clay was deposited under shallow 
water lacustrine and fluvial conditions (as discussed in 
6.2). However, reddish colours and the absence of any 
pollen suggest subaerial oxidation. Thin intercalated 
layers of gypcrete and intercalated gypsum indicate at 
least ephemeral saline conditions. The basin appears not 
have been a permanent lake.
A major character of the environment was the absence 
of any dune field in the region. Aeolian sand layers with 
distinctive size characteristics, as identified in the 
overlying Winmatti Beds, are absent from the Uluru Clay, 
indicating a general absence of wind transport at the 
time. This implies more permanent and more extensive 
vegetation cover. In general, the climate of the period 
was probably wetter, maintaining a good vegetation cover 
throughout the region at that time.
The relatively high deposition rates and clay sediment 
indicate more regular water inflows from a catchment area 
without sand dunes, probably larger than the present 
surface catchment of the playa, and with a higher runoff 
coefficient. One of the small clay pans, about 100km 
south-east of the playa, provides a modern example of such 
an environment (Plate 8.1.1). In its setting, this pan 
differs from Lake Amadeus by obtaining more surface water 
inflow from the adjacent bed rock area, and being 
surrounded by an area with better vegetation without sand 
dunes. This emphasizes that, in addition to climate,
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other factors such as catchment size and surface 
conditions may also influence playa sedimentation.
Some tectonic movement possibly occurred during the 
late Cenozoic. The elongate playa is oriented NWW to SEE, 
following the regional geological structures (chapter 
1.4). Some minor structures, nearly perpendicular to the 
major axis are indicated by playa outlines (Fig. 8.2.1) . 
Differential vertical movement, with relative uplift 
towards the east, might influence playa shape. An uplift 
zone, identified east of the playa, is regarded as a 
groundwater divide (Lloyd and Jacobson, 1987).
In summary, the following points are relevant:
1) The Tertiary/Quaternary boundary appears to occur 
within the relatively uniform Uluru Clay, and records 
no detectable environmental change at that time.
2) During lower Quaternary, the basin retained a fluvial 
and shallow water lacustrine environment; the lake 
floor was frequently under suberial conditions with 
ephemeral•saline conditions sometimes developing.
3) Throughout the catchment region, dune fields were 
absent; a more permanent and more extensive 
vegetation cover existed.
4) Minor tectonic movement, with relative uplifting in 
east of the modern Lake Amadeus, might have occurred, 
controlling the playa outline which narrows towards
east.
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8.3 UPPER QUATERNARY, WINMATTI BEDS
Onset of aridity
The homogeneous Uluru Clay is overlain by the playa 
sequence (Winmatti Beds), about 3 m thick in cores AM2 and 
AM3. As presented earlier (section 6.3), the Winmatti 
Beds differ significantly from the Uluru Clay by the 
content of reddish aeolian sand, more gypsum and greyish 
sandy clay or clayey sand. This sedimentation change 
reflects a major change in depositional environments, a 
change from ephemeral lake to a playa. Deflation and 
aeolian materials correspond to dunefield development in 
the region.
The bottom layer of the Winmatti Beds is a reddish 
aeolian sand (layer D, Fig.6.3.1), indicating sand plain 
conditions corresponding to disappearance of the "lake". 
This sand is underlain by a reddish sandy clay, which is 
interpreted as top Uluru Clay, showing a transitional 
lithology between those of typical Uluru Clay and Winmatti 
Beds. This coarser top layer of the Uluru Clay indicates 
a trend of increasing aeolian activity as a prelude of the 
major aeolian event at the begining of the Winmatti Beds. 
As discussed earlier (6.3.4), the top Uluru Clay 
underlying the small pan of Auger Island is higher than 
the top Uluru Clay in the nearby playa. This may indicate 
groundwater bevelling process to form some original low 
islands as loci for later gypseous dune accretion. The 
bevelling process corresponds to the transition of the 
basin from a surface water system to a groundwater
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controlled system, predating deposition of the Winmatti 
Beds.
Palaeomagnetic results, as discussed earlier (7.2), 
have provided some basic control on the age of Winmatti 
Beds. Because calibration from other dating methods is 
unavailable and there are almost certainly some hiatuses 
in the sequence, more than one interpretation is 
plausible. The boundary between the Uluru Clay and 
Winmatti Beds in the Playa sequence (cores AM3 and AM2) 
coincides with Jaramillo subchrone (0.91 ma) or Olduvai 
subchrone (1.66 Ma). In the absence of additional data, 
the begining of Winmatti Beds, marked by the first large- 
scale aeolian sedimentation in the area, is assumed 
tentatively to lie near the Jaramillo subchrone (0.91 Ma).
Late Quaternary
As presented earlier (6.3.6), landform development and 
playa stratigraphy, from the time of formation of the 
younger gypseous dune, demonstrate a clear evolutionary 
sequence. Additionally, the younger gypseous dune has 
been dated to 45 to 60 Ka. The depositional environments 
of this sequence can be summarized as follows :
i) Formation of shoreline gypseous dunes and shallow 
water deposit (layer E, Fig. 6.3.15).
The regional watertable was high with associated 
seasonally shallow brine in the playa. Gypsum was 
deposited in the near-shore groundwater seepage zone. 
Seasonally dry periods associated with strong winds caused 
gypsum deflation, resulting in shoreline gypseous dune
329
where vegetation might colonize and trap the deflated 
materials.
ii) Gypcrete formation, representing a stable period.
The regional watertable fell and the playa was more
frequently dry. Deposition, deflation and gypseous dune 
accumulation ceased. (Note that under present dry 
conditions deflation is not active on the playa floor). 
The land surface was generally stable.
iii) Regional dune field activation and deposition of a 
sand sheet in the playa.
The watertable fell significantly associated with 
regional aridity; regional vegetation cover was sparse. 
Winds were strong mobilizing the regional dunefield. The 
playa was blanketted by sands blown across the basin 
floor, depositing a uniform sand layer (layer D, Fig. 
6.3.1) . Shifting sands that reached the islands were 
trapped forming the thick quartz mantle on the earlier 
gypseous dunes.
iv) Soil formation.
Following the arid aeolian phase, the environment 
stabilised and a soil developed across dunes and playa 
floor. Dune field stablization may have been accompanied 
by weaker winds, with vegetation cover becoming more 
extensive. The watertable was still low permitting 
vegetation and soil formation on the playa floor, where 
the previous aeolian sand layer (Layer D) preserves 
evidence of rootchannels and other pedologic features. 
Under such conditions the basin was in recharge phase.
v) High water level and gypsum deposition.
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Relatively frequent surface water is implied by the 
deposition of gypsum sediments (layers C, B and A2, Fig. 
6.3.4) . A depositional surface formed across most parts 
of the playa.
vi) Low water level and terrace formation.
Surface waters became rare and the watertable fell. A 
gypcrete surface began to form on the younger gypsum 
deposits. At same time, dissolution and erosion caused 
destruction and retreat of the depositional surface, 
leaving remnants as marginal terrace and the terrace 
islands. Seme degraded gypsum has been preserved in the 
playa as the gypsum ground.
In this sequence, only the gypseous dune formation has 
been dated quantitatively. Correlation of these results 
with others from elsewhere in Australia is discussed later 
in chapter 9.
Hiatus
In the core AM3 (Fig. 6.3.1), sediment thickness from 
layer A to E is about 1.35m, nearly half the total 
Winmatti Beds. However, this 1.35m was deposited in the 
last 60Ka, post-dating deposition of the gypsum dune. By 
comparison, the whole Winmatti Beds appear to represent 
the period since Jaramillo (910 Ka). This shows 
significantly different deposition rates in the last 60 Ka 
and in the period from 60 to 910 ka. As presented earlier 
(7.2), the B/M boundary cannot be located accurately; it 
occured in a range from top of layer F to the bottom of 
layer G. In either case, the deposition rate during the
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period from 910 Ka to 60 ka is significantly low (Fig. 
8.3.1), implying the existence of major breaks in the 
record. These may reflect either non-depositional stages 
or phases of active erosion. The processes which might be 
involved are summarized as follows:
1) Groundwater bevelling.
This process was observed by Jutson (1934) in West 
Australia where even crystalline rocks are bevelled along 
the watertable. This is the process by which playas 
enlarge, etching into the surrounding dunefield as 
described by Macumber (1983) from Raak Boinka. Indeed 
Amadeus, a type of boinka, has expanded its outer margins 
into the dunefield sometimes leaving cut-off remnants as 
island cores which later form loci for gypsum dune 
accretion.
The process of expansion illustrated in Fig. 8.3.2 
involves a major truncation of pre-existing sediments with 
development of an erosional disconformity. Material 
mobilized by shoreline retreat is removed by wind or water 
to other parts of the system.
Plate 8.3.1 shows an extreme example of such hiatus in 
the playa. The mottled sediments in the trench are 
typical of those underlying the red beds which are 
correlated with the top Uluru Clay and are at least 1 Ma 
old. Located here only 10 cm from the playa surface, the 
relationship has resulted from the bevelling process which 
etched into the ancient sediments. Figure 8.3.2 indicates 
that at different sites (eg. A, B and C), sedimentary 
records would be different; some are more complete, others
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Fig. 8.3.2, Illustration of disconformity caused by 
bevelling process; at sites A , B and C, the 
sedimentary records are different.
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Plate 8 . 3 . 1 ,  A t r e n c h  n e a r  sec t ion  1 (F ig .  6 . 1 . 1 ) ,  showing  t h a t  the  old mot t led  c layey
sand i s  on ly  10  cm  f r o m  the  pl aya s u r f a c e ,  r e s u l t e d  f r o m  beve l l ing  proce33.
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have longer breaks. The Winmatti Beds are only 60 cm 
thick in core AMI (at section 1, Fig. 6.1.1) but nearly 3 
m in core AM3. At AM3 site, the playa is about 6 km wide 
(Fig 8.2.1), compared to the 12 km of the widest section, 
suggesting site AM3 may not be the playa depositional 
centre. This means sedimentary records more complete than 
AM3 might exist in other part of the playa.
2) The second process involves direct deflation from the 
playa sediments during dry or seasonally dry phases. In 
the sequence described here the accretion of gypseous 
dunes on shoreline and islands represents one major 
expression of such process. Unlike the deflation recorded 
from lakes in Southern Australia where clays in pelletal 
form with gypsum have been removed to form large lunettes 
asymmetrically disposed on the down wind shoreline, those 
processes in Amadeus have produced shoreline gypsum and 
quartz dunes in a relatively symmetrical fashion 
regardless of shoreline orientation. While these have 
been derived from the near-shore environment, they would 
be associate with removal of fines and some lowering of 
the playa floor during seasonal dry conditions. This 
process will produce a general break in sequence, but 
perhaps of smaller magnitude than that represented by 
playa expansion processes.
3) Non-depositional-lower watertable, salt leaching and 
soil formation.
At least three layers in the Winmatti Beds (layers D F 
and H, Fig. 6.3.1) possess soil structures especially 
biotubules providing evidence of vegetation colonization
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during low watertable periods. Following the sand plain 
phase, there followed a stable surface phase with very 
slow or no deposition. The duration of this type of break 
can be evaluated qualitatively by the degree of soil 
development. The soils in the Winmatti Beds are generally 
weakly developed suggesting relatively short rather than 
very long breaks.
In summary, the above 3 processes have all operated in 
Lake Amadeus to produce breaks in the sedimentary records. 
However, the available data are not sufficient to identify 
all positions and duration of hiatuses with a high degree 
of accuracy. The short sedimentary record represented by 
the period before the last gypseous dune building (60Ka) 
to the Jaramillo subchrone (910 ka) presents a major 
problem. It implies major breaks during this interval.
Summary
1) Around the Jaramillo subchrone (0.91 Ma) , major onset 
of aridity occurred, represented by the aeolian sand 
at the bottom of the Winmatti Beds, indicating the 
appearance of dunefields for first time in the region. 
This change is recorded earlier than comparable events 
in southern Australia.
2) The upper Quaternary environment, recorded by Winmatti 
Beds and shoreline gypseous dunes, differed from the 
lower Quaternary period by marked groundwater 
fluctuations and alteration of hydrologic 
environments. The playa phase was replaced by a sand 
plain during low watertable periods. Gypseous
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sediments were deposited and gypseous shorline dunes 
formed during high groundwater periods.
3) The sedimentary records of last 60 Ka represent a 
hydrologic sequence showing general correlation with 
hydrologic reconstruction from Southern Australia.
4) Hiatuses occured in the Winmatti Beds, appearing as 
significantly different deposition rates in the last 
60 Ka and in the period from 60 Ka to 910 Ka. Three 
processes, groundwater bevelling, deflation and soil 
formation, are identified all of which contributed to 
produce breaks in the records. However, this "geology 
of gaps" imposes significant constraints on the 
reconstruction of hydrologic and climatic events which 
have affected the region during almost the last 
million years of fluctuating hydrologic phases.
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CHAPTER NINE - CORRELATIONS, SYNTHESIS AND CONCLUSIONS
9.1 ADVANCES IN CHRONOLOGY
The application of palaeomagnetic and 
thermoluminescence analysis, although limited by time, 
availability of samples and breaks in the stratigraphic 
record, provides for the first time a broad reference 
framework for Quaternary events in central Australia.
The first appearence of playa facies, represented by 
the Winmatti Beds with aeolian components provides the 
first positive evidence for the initiation of arid 
landforms. This has widespread implications for our 
understanding of desert dune systems and the major playas 
including Lake Eyre in whose ancient catchment the Amadeus 
basin and its Karinga Creek drainage line once formed a 
tributary. It is now possible to relate, at least in a 
general way, hydrologic changes at the close of Tertiary 
time with events elsewhere in Australia and with the 
dynamics of basin evolution.
The thermoluminescent dates from the gypseous dunes 
provide important control on one of those more recent and 
major events in the system. Gypseous dunes of similar 
form and composition at Lake Lewis (Napperby) and other 
playas may well relate to events of the same age.
Although accuracy remains limited by the methodology, the 
good agreement between ages from two sites provides strong 
evidence that gypseous dune building occured between 45 - 
60 ka. This event then provides a bench mark control from
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which earlier and especially the later events may be 
evaluated. Gypseous dune building in the middle of the 
last glacial cycle (stage 3 and 4 of Shackleton and 
Opdyke, 1973) provides the first firm control on early 
glacial age events in the region.
9.2 MAJOR HYDROLOGIC CHANGES
The study documented here has analysed the processes 
that operate on the Amadeus playa today. In addition, 
analysis of the stratigraphic record, facies variants and 
controlling processes have demonstrated the relevance of 
major changes in the past. This must now be placed into 
broader perspective.
Despite the incomplete control of absolute ages, the 
sequence established here, identifying for the first time 
the reality of large-scale hydrologic changes in the 
evolution of central Australia. Data derived from this 
playa, by implication, may be extended to other playas in 
this region.
The sediment sequence of the playa indicates an 
alternation of hydrologic regime between discharge phases, 
such as at present, and recharge phases at certain times 
in the past. The sedimentary environments representing 
these changes are discussed in chapter 8. Although 
detailed hydrologic and climatic conditions are difficult 
to establish, some hypotheses to explain the three typical 
environments in the last 60 Ka, represented by gypseous
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dune building, quartz dune activation and soil 
development, can be summarized here:
i) Gypseous dune formation represents a high regional 
watertable episode (6.3). Significant groundwater seepage 
around the playa margins, thought to provide the source 
for sedimentary gypsum, indicates a relatively high rate 
discharge regime.
ii) During the period of a regional quartz dune 
activation, the playa evolved into a sand plain, and the 
watertable is inferred to have been substantially lower 
than today. The vegetation cover of the region must have 
been sparse. Evaporation from the surface was very low 
but the precipitation was also likely to have been 
substantially lower than at present, during this 
demonstrably dry period. Although it is difficult to 
infer whether the playa was in recharge or in discharge 
regime, the hydrologic processes were greatly subdued.
iii) Soil development on the aeolian sand sheet covering 
the playa floor indicates a low watertable but stable 
surface, with better vegetation cover across the region, 
probably due to a higher rainfall. In this episode, the 
playa then a vegetated, stable sand plain, was in a 
recharge phase.
Soil structures can be recognized in several layers of 
the Winmatti Beds, as described in chapter 6.3. This 
indicates more than one episode of vegetation colonization 
implying repetitive recharge conditions. Thus the 
discharge condition characteristic of today has not been a 
permanent feature. The ability of this playa to exist in
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either alternate discharge or recharge status throws new 
light on our understanding of process history here. It 
raises fundamental questions concerning its relevance to 
similar changes in related playas of inland Australia.
9.3 CORRELATIONS WITH ENVIRONMENTAL SEQUENCES IN OTHER 
PARTS OF AUSTRALIA
Comparison with south and southeastern Australia
One of the best Quaternary records from SE Australia 
(An et al., 1986) comes from ancient Lake Bungunnia, which 
extended over an area of approximately 68,000 km^ in the 
Murray Basin and was responsible for producing the 
extensive lacustrine Blanchtown Clay formation and the 
overlying Tyrrell Beds (a saline gypseous playa sequence). 
The Uluru Clay and the overlying Winmatti Beds of Lake 
Amadeus both in their facies relationships and temporal 
frame,- suggest a correlative relationship with the 
Blanchetown Clay and the Tyrrell Beds.
The Blanchetown Clay consists of micaceous sandy clay, 
commonly laminated and containing elements of freshwater 
flora and fauna, being a lacustrine sediment of a well 
developed permanent lake. However, the Uluru Clay does 
not contain any fossils, does not show any laminations, 
and has intercalated thin gypseous layers indicative of 
intermittent saline conditions. The Uluru Clay is 
therefore interpreted as a fluvio-lacustrine sediment of a 
seasonally dry lake.
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Despite this difference, in both sites the transition 
from the clay to the overlying playa sequence indicates a 
major shift from relatively wet conditions to increased 
aridity with more aeolian activity. This transition 
occured in Lake Amadeus at about 0.91 Ma. This is earlier 
than in SE Australia where the first evidence of playa 
facies post-dates the B/M boundary (0.73 Ma) , and is 
estimated to be at about 0.5 Ma (An et al.. 1986). In 
general, Quaternary aeolian landforms in southeastern 
Australia probably developed within the last 0.7 Ma 
(Bowler, 1982; Wasson, 1986). Bowler (1976) speculated 
that aeolian desert dunes might have existed in Central 
Australia significantly earlier. This study of Lake 
Amadeus with arid playa facies developed at 900 Ka 
provides supporting evidence for the notion of earliest 
aridity in the continental core.
The hydrologic environments of Late Quaternary (last 
60 ka) are compared (Fig. 9.3.1) with Bowler's (1986) 
water level curve summarized from geomorphic and 
sedimentary evidence in southern Australia. In general, 
the evidence from Lake Amadeus cannot reproduce the same 
level of detail and continuity. However, three major 
hydrologic periods can be recognized which may be compared 
with reconstructions of Bowler (1986) and Wasson (1986) 
(Fig.9.3.1):
1) The high watertable period (i, Fig. 9.3.1, 45 to 
60Ka), represented by gypseous dune formation, may 
correlate with the high water level between 40 to 55 
Ka in southern Australia though in the absence of
Fig. 9.3.1, Interpreted water level of Lake Amadeus 
during the last 60 Ka, compared with Bowler's (1986) 
curve (B) obtained from southeastern Australia, and 
with Australian continental dune building rate (C) and 
wind speed (D) obtained by Wasson (1986). The 
hydrologic evolution of Amadeus playa is illustrated 
diagrammatically in the following stages: i) Shoreline 
gypseous dune formation from a high regional watertable 
environment, ii) Gypcrete formation and relatively high 
watertable. iii) Regional dune field activation and low 
watertable. iv) Soil formation and relatively low 
watertable. v) Gypsum deposition and a high 
watertable. vi) Terrace formation and a relatively low 
watertable.
(Full description of these hydrologic stages, see 
chapter 8.3)
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additional data such correlations must be viewed with 
caution.
2) The major low watertable and strong wind period (iii, 
Fig. 9.3.1), represented by regional dune field 
activation, may correlate with the low water level 
from 25 Ka to 16 Ka in southern Australia and with 
major continental dune building.
3) The high water level period (v, Fig. 9.3.1), indicated 
by the (terrace) gypsum deposits, might correlate with 
the high water level of souther Australia around 10 Ka 
which is also a period of stabilized dunes in the 
continental systems (Wasson, 1986).
The reconstruction of history before 60 Ka is 
constrained because of the hiatuses and poor chronological 
control. In southern Australia, the Quaternary history 
before 50 Ka is also much less understood (Bowler, 1986). 
The Tyrrell Beds, about 5m thick, also contain substantial 
disconformities (Bowler and Teller, 1986). The top 2m 
represents deposition during last 36 Ka (Luly et al.,
1986; Bowler and Teller, 1986), which, by comparison with 
700 Ka of total 5m Tyrrell Beds, also implies some major 
breaks in the sedimentary records.
At Lake George in eastern Australia a more complete 
sedimentary record has been preserved (Singh et al., 1981; 
Singh and Geissler, 1985). The sequence, reflecting 
cyclic changes in hydrologic and environmental history, 
shows broad correlation with the isotope stages obtained 
from the deep sea (Singh and Geissler, 1985). This major 
difference in the nature and continuity of the records
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between Amadeus and Lake George reflects the basically 
different mechanisms controlling the sedimentation 
processes in the latter, a semi-permanent fresh water 
lake, compared to Lake Amadeus, a groundwater controlled 
saline playa characterised more by non-deposition or 
deflation than by continuous deposition.
Comparison with north Australia
As stated in the introduction and justification for 
this study, detailed hydrologic and Quaternary 
environmental sequences from north Australia have yet to 
be established. Kershaw (1976, 1981 and 1985) established 
a palaeoenvironment sequence from the Atherton Tableland 
of humid northeastern Queensland. In arid and semi-arid 
zone, the evidence from Lake Amadeus provides one of the 
first hydrologic sequences, controlled by some absolute 
chronology from central north Australia.
At Lake Woods and Lake Gregory, Bowler (CLIMANZ, 1983) 
established, from evidence of ancient shorelines, a 
proposed late Pleistocene period of major lacustrine 
deposition. At both sites, this is dated beyond 25 - 30 
ka, but there are no absolute ages available to define the 
timing of this high water level phase. The evidence 
advanced here tentatively suggests that the high water 
level phase in central and northern Australia as 
represented by Lake Woods and Lake Gregory may correlate 
with the high watertable episode indicated at Lake Amadeus 
by development of gypseous dunes dated at 45-60 ka. 
However, as in the correlations with southern Australia,
this remains tentative. The relationships between Lake 
Amadeus and other northern basins must be checked by 
additional evidence.
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9.4 PROCESSES THROUGH TIME
The picture that we see today, ie. present highly 
saline playa and discharge regime, appears to be quite 
atypical of the past. This parallels the history that 
appears not only from other parts of Australia, but from 
general Quaternary environments identified from sea level 
(Chappell and Shackleton, 1986) , ice ages (Shackleton .et 
al., 1984) and loess sequences of China (Kukla, 1987).
The present conditions and the conditions during the last 
10 Ka are certainly not typical of those reconstructed for 
longer time scales.
This is important for understanding the playas in the 
region. Lake Amadeus appears today to be a groundwater 
controlled discharge system but one thatis sensitively 
balanced between recharge and discharge regimes. This is 
shown not only by the very small net evaporation from the 
modern playa (as discussed in chapter 3.4) but is 
demonstrated by the playas ability to change from a 
discharge to recharge system. This is entirely consistent 
with the extremely slow rate of groundwater brine 
concentration deduced in chapter 5. This may also provide 
the answer (as discussed earlier in chapter 5) to the 
questions: why the playa brine has not yet reached NaCl
347
Saturation and why there are no significant salt 
depositions. In other words, estimates of salt budgets 
based on present day processes and rates have little or no 
validity when used to extrapolate back through time.
This represents one of the major conclusions of this 
thesis in its application to playa evolution and the 
hydrologic processes that control it. The implications of 
this conclusion have widespread relevance, not only to 
other playas in Australia and elsewhere but to our 
understanding of the entire arid zone landscape evolution.
Past changes in hydrologic regime have imposed basic 
controls on sedimentation and landform processes. 
Relatively stable climatic and hydrologic conditions 
produced the uniform clay sequences of the Uluru Clay, 
under the dominant influence of surface water. During 
deposition of the Winmatti Beds deposition, surface water 
inflow was greatly restricted by the formation of 
surrounding dune fields; groundwater and aeolian 
activities became dominant. During high watertable 
periods, the basin was characterized by playa landscape 
and gypseous deposition. When high regional watertable 
intersected the playa surface in marginal zones, 
groundwater bevelling would occur, causing playa 
expansion. However, if this phase coincided with a period 
of strong winds and the abundant gypsum in the groundwater 
seepage zone available for deflation,* gypseous dune 
formation would dominate along playa margins. Groundwater 
bevelling effects would be negligible.
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When the watertable was substantially low so that the 
capillary fringe could not reach the playa surface, 
vegetation colonization with associated soil development 
would extend across the playa. If the low watertable 
phase coincided with a drier climate and strong winds, 
regional dune fields would be mobilized; aeolian sand 
would move across the previous playa floor.
Today, the watertable lies sufficiently below the 
surface of the playa and its marginal zone to prevent 
active groundwater bevelling. The capillary fringe 
reaches to the playa surface, maintaining a non-vegetated, 
largely saline playa landscape. The salt crusts on the 
playa surface are ephemeral, oscillating between stages of 
growth (dry phases) and dissolution (after rain). The 
crusts can not develop to a significant thickness because 
of the very low net evaporation, rainfall leaching, and 
possibly also because of downward ion diffusion. The 
essential conditions here involve groundwater salinity 
below NaCl saturation and a long-term watertable remaining 
below the surface but within the capillary fringe.
The gypsum ground is a feature developed by effects of 
present-day hydrologic process on a prior gypsum deposit. 
Leaching by rainfall is the dominant process, resulting in 
degradation features (differential corrosion and lateral 
growth) of the gypsum crystals. Dust trapped on the rough 
surface were leached down, forming the clastic bands in 
the gypsum sediment profile. Flooding can rarely inundate 
the gypsum ground thereby allowing the crust to remain in 
a relatively "mature” stage, thick (up to 5 cm) and rough.
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9.5 PLAYA EVOLUTION
Lake Amadeus has existed since Tertiary times as a 
shallow continental sedimentary basin. However, the 
development of a saline playa, groundwater controlled 
discharge system, occured relatively recently, probably 
within the last 1 Ma.
The two Cenozoic sediment units identified here, Uluru 
Clay and Winmatti Beds, represent major depositional 
events representing significant changes in controlling 
hydrologic and climatic environments.
The Uluru Clay, with its uniform clay sequences and 
minor gypsum intercalated layers, was deposited in late 
Tertiary time under conditions of shallow lacustrine and 
fluvial regimes, periodically saline and frequently dry.
By contrast, the Winmatti Beds represent significant 
alternation of sedimentary environments, from saline playa 
to aeolian sand plain, reflecting major climatic 
fluctuations of upper Quaternary time. The transition 
from the Uluru Clay to the Winmatti Beds, occurred 
probably around 1 Ma, indicating a major hydrologic 
change, from a surface water dominated system to a 
groundwater controlled playa. This also heralds the first 
substantial aeolian sedimentation in the region.
Within the Winmatti Beds time, the sedimentation and 
landform sequnce since the younger gypseous dune building 
(45 ka to 60 ka) can be divided into 6 major stages which, 
as outlined earlier, correlate roughly with the sequences 
established in south and southeast Australia. Major
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breaks in the depositional record occurred at intervals 
throughout deposition of the Winmatti Beds. Groundwater 
bevelling, deflation and soil formation during previous 
playa cycles were factors contributing to breaks in the 
depositional records.
Major features of the playa morphology, including the 
numerous dune islands, the highly irregular shoreline 
margins and the flat floor, were formed during Winmatti 
time by processes associated with periodical deflation and 
dune building, with possible playa expansion caused by 
groundwater bevelling. The alternation of the dominant 
depositional and erosional landform processes were mainly 
determined by long-term watertable regimes which in turn 
reflected a regional water balance controlled by 
variations in climate. Finally, the basin has never 
functioned, at least during the Winmatti Beds deposition, 
as a permanent deep water lake. In this context, Lake 
Amadeus is regarded entirely as a groundwater controlled 
system.
9.6 PROBLEMS REMAINING, AND FUTURE STUDIES
In tacking such a large and complex system, normally a 
task for long term research, the constraints of Ph.D. time 
scales impose distinct limitations. This is further 
exacerbated by the logistics of operating in such a remote 
area and one to which entry is permited only by 
negotiations, often protracted, with Aboriginal owners.
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Limited by these factors, many questions have remained
unanswered or resolved only with qualified certainty.
Anticipation of future research possibilities identifies
the following areas for attention.
1) Immediately after rainfall, a component contributes to 
recharge of the playa. The magnitude of this 
component, when budgetted against the low evaporation 
during dry intervals, determines the exact net 
evaporation and the sensitive recharge/discharge 
balance of the modern system (Chapter 3.4). This 
recharge rainfall remains to be quantified.
2) Structure and dynamics of the groundwater body need to 
be further studied, including:
i) Deeper structures of salinity and hydraulic heads, 
ii) Marginal zone structures. Although some data on 
watertable slope and vertical density variation 
within shallow depths at the playa margin have 
been obtained, more data and analysis are needed 
for understanding groundwater dynamics in this 
important zone, where most the significant 
deposition of modern gypsum occurs, and where the 
discharge/recharge balance often changes after 
rainfall (Chapter 3.2.2).
3) Lateral extension and variation of the Uluru Clay, its 
relationship with red beds and the underlying mottled 
clayey sand, need to be examined by appropriate 
drilling.
4) The boundary between the Uluru Clay and the Winmatti 
Beds, although clear in core AM3, is not accurately
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located in cores AMI, AM2 and AM4. The palaeomagnetic 
results mainly from core AM3 suggest that the boundary 
probably coincides with Jaramillo subchrone; more 
palaeomagnetic work is needed to confirm this, and to 
accurately locate the B/M boundary within the Winmatti 
Beds.
5) Lateral variations of the Winmatti Beds should be 
examined. Features of the sedimentary breaks in 
Winmatti Beds, eg. depth, location and time span also 
need closer study.
6) Uncertainties of stratigraphic relationships of the 
older gypseous dunes should be resolved. The number 
of discrete dune forming episodes, and their 
relationships with the stratigraphic units in the 
Winmatti Beds need to be determined.
7) Systematic thin-section studies of the gypseous dune 
sequences are needed to support genetic 
interpretations, especially investigation of the older 
gypseous dune.
8) The general relationship between climatic environments 
and the depositional and geomorphic processes in the 
playa need futher study. The climatic oscillations 
during the upper Quaternary show at least 10 cycles 
within the last 1 million years, as indicated by the 
-^0 stages of deep sea cores and Chinese loess 
sequences (shackleton and Opdyke, 1973; Kukla, 1987). 
Few depositional cycles can be recognized in the 
Amadeus records. Does this mean a different climatic 
history in central Australia or a complicated response
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of the playa processes?
These questions might be addressed during a later 
stage study of this or other playas in the region.
Given the constraints imposed by factors of time and 
space, the conclusions reached here must be seen as the 
first step in a much longer program of detail studies of 
the geomorphic and hydrologic evolution of central and 
north Australia. The data from Lake Amadeus for the first 
time provide a record of sequential hydrologic changes, 
establishing that these regions like other areas of 
southeastern Australia, have undergone a long and complex 
sequence of climatically controlled hydrological changes.
The evidence that the present central Australian 
environment is not representative of the past, as 
demonstrated here for first time, provides new insights 
into understanding of the long term influence of processes 
and dynamics that control playas in this part of 
Australia, and indeed in similar groundwater- controlled 
systems in other parts of the world. In that context, the 
results here are of national and, in the longer term, of 
international significance.
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APPENDIX 1 PROCEDURE OF SIZE ANALYSIS
I) Size analysis for samples containing little gypsum:
i) Drying.
ii) Washing with water to eliminate soluble salts,
iii) Adding 5 ml NaOH (5 %) and 10 ml Na5?30]_o (10 %) 
to help dispersion.
iv) Agitating with a stirrer to break aggregations in 
sand and silt size.
v) Dispersing with a super-sonic disruptor to beak 
clay pellets.
vi) Measuring with hydrometer method or by a
centrifugal automatic particle analyzer for the 
portion finer than 4 phi (0.063 mm) .
vii) Washing away the potion finer than 4 phi.
viii) Seiving for the left portion coarser than 4 phi.
II) The samples containing gypsum were pre-treated by hot 
acid (1% HC1) till gypsum was eliminated, and then 
were dried at room temperature.
III) For pure gypsum crystal samples, sieving was used 
after the samples were dried at room temperature and 
dispersed by fingers.
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APPENDIX 2 PREPARATION OF UNCONSOLIDATED SEDIMENTS FOR 
THIN SECTION MAKING
1) Undisturbed sediments, cut into slabs from cores, were 
dried slowly in room temperature.
2) The slabs were finally dried in oven for days at a 
temperature below 55°C.
3) The prepared slabs were impregnated with Polyester 
resin, together with Melhy Methacrylate Monomer (10 to 
20% of the resin) as diluent and Cumene Hydroperoxide 
(2/3% to 1% of the resin) as coagulant.
4) After staying in a vaccum vessel for at least 40 
minutes to drive out the air trapped in sediments 
voids, the impregnated slabs were left for months to 
dry and then sent for thin section making.
378
APPENDIX 3 PROCEDURE TO OBTAIN MOISTURE SATURATION 
DEGREE (MSD)
For sediments with salty pore water, MSD is defined
as: 
MSD
Volume of pore water (Vp)
Volume of sediment void (Vv)
*100% (1 )
MSD can be obtained as follows:
The total volume of the sample (Vt) is known from the 
sampling metal sylinder and the total weight (Wt) was 
measured. Dry weight (Wd) is obtained by drying the 
sample in oven. The weight of fresh water (Wf) is Wt-Wd. 
The weitht of salt (Ws) was measured by leaching the dried 
sample, over 40 ml distilled water for 1 g sample.
In calculation, whether the pore water was saturated 
with halite is firstly judged with the ratio of Ws/Wf. A 
solution saturated with NaCl has a salinity about 
0.33g/cm^ and a density about 1.223 g/cm^; therefore the 
ratio of Ws/Wf = 0.33/(1.223-0.33) = 0.367.
Case 1: Ws/Wf > 0.367, saturated.
Wp Wf + (0.33/0.893)*Wf
i) Vp = ---- = ---------------------- = 1.12 *Wf
Dp 1.223
where Dp - Density of pore water.
Wp - Weight of pore water, 
ii) Vv = Vt - Vsol = Vt - (Wd-Ws)/Dsol 
where Vsol -- Volum of the solid materials (cm^). 
Dsol -- Density of solid materials (g/cm^), 
taking 2.3.
Ws = (0.33/0.893)*Wf = 0.367*Wf.
Therefore:
Vp 1.12 *Wf
MSD = -------------------------------------
Vv Vt - 0.435*(Wd - 0.367*Wf)
Wf
0.8 9*Vt - 0.388*Wd + 0.143*Wf
Case 2: Ws/Wf < 0.367, unsaturated.
i) Vp
Wp Wf + Ws
Dp Dp
Wp Sp
Dp = ---- = Wp * ----
Vp WS
where Vp - Volume of pore water.
Sp - Salinity of pore water.
Sp correlates with Dp by the relation obtained in 
laboratory (section 3.3.1) as:
S = 1.507*D - 1.513
Therefore, formula (4) can be written as:
Wp
Dp = (1.507*Dp - 1.513) * ----
Ws
1.513*Wp 
1.507*Wp - Ws 
Instituting (5) into (3) :
(5)
Vp =
because 
Vp =
(Wf + Ws) * (1.507*Wp - Ws)
1 ,513*Wp
Wp = (Wf +Ws), formula (6) becomes: 
0.996*Wf + 0.335 *Ws
ii) Vv = Vt - (Wd -Ws)/2.3
Vp 0.996*Wf + 0.335*Ws
Therefore, MSD = ---- = -----------------------
Vv Vt - 0.435*(Wd -Ws)
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MSD in the two cases were obtained from formulas (2) and 
(6) respectively.
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APPENDIX 4 PRINCIPLE AND METHODS OF THERMOLUMINESCENCE 
(TL) DATING
There are often some trace radioactive elements in 
rocks and unconsolidated sediments which release nuclear 
radiation continuously. Some mineral crystals, stimulated 
by this environmental radiation, can accumulate a kind of 
energy which releases as light when the crystals are 
heated. The total amount of this light 
(thermoluminescence or TL) released from a crystal is 
proportional to the total radiation dose it has absorbed.
Some natural events, e.g. heating, can evict the TL 
energy from a crystal. Therefore, the accumulation of TL 
energy in a crystal starts from "zero" after such an 
event. Hence the age of the event might be dated by:
NTL
Age = -----------  (1)S * D
where NTL is the natural TL possessed by the crystal; D is 
the environmental radiation dose rate; and S is the 
sensitivity of the crystal, a parameter relating rate of 
TL accumulation to the radioation dose rate.
The age formula used in practice is:
ED
Age = -----  (2)
Da
where ED is equivalent dose, the laboratory administered 
dose necessary to replicate the NTL, and Da is the 
environmental annual dose. By measuring ED and Da, we can 
determine the age of the last natural event which evicted 
TL from the crystals.
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For aeolian sediments, exposure to sunlight during 
transportation and deposition processes is the main 
mechanism to evict the TL possessed previously 
(Wintle,1982). However, sunlight can not evict the TL 
completely. A TL zone (rather than a defined level) 
exists, prior to which sunlight bleaching proceeds 
relatively rapidly, which in this zone the TL reduction 
occurs at a slower and decreasing rate (Spooner, 1587).
To reach the zone, 10 to 20 hours exposure to sunlight is 
enough for quartz sand. Much longer exposure would cause 
only a small further TL reduction. Hence the initial TL 
level of sediments exposed to sunlight is rarely zero, and 
age estimates are subject to a degree of uncertainty.
This uncertainty would be much smaller if the sediments 
have been exposed to sunlight over, say 24 hours.
Several methods have been developed to evaluate ED and 
Da (Aitken ,1985). In the present study, carried out by 
the writer in the laboratory of Professor J. Prescott of 
Adelaide University, the regeneration and additive dose 
methods were used to evaluate ED of the samples.
In the regeneration method, the NTL of the specimens 
are reduced to the low-level zone first by exposing them 
to sunlight. The fractional specimens are then 
artificially irradiated, with different amount of doses, 
to regenerate TL energy. The regenerated TL was measured 
resulting in a curve of TL growth versus radiation dose 
delivered. ED can be determined with the curve and 
measured NTL. In the additive dose method, the specimens 
are irradiated without initial clearance of the NTL. The
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curve produced this way should be a section of that 
resulted from the regeneration method, if the specimen 
sensitivity has no change during the NTL clearance.
The environmental radiation dose comes mainly from the 
trace radioactive isotopes contained in sediments.
Table (i) shows the radioactive decay schemes of the 3 
major groups of isotopes. In an equilibrium state, each 
daughter isotope in the U and Th series has a fixed 
activity ratio relative to its parent isotope. These 
proportional relations allow a few methods to estimate the 
total dose rate:
A) Laboratory analysis of Th, U and K contents.
When the contents of the 3 parent elements are known, 
the total dose of alpha, beta and gamma contributed from 
them and their daughter isotopes can be calculated, on the 
assumption of decay equilibrium. Analysis of the contents 
of each daughter isotope is hardly practical, because 
their concentrations are too low, reflecting the daughter- 
parent halflife ratios.
B) On-site gamma dose measurement.
One of the practical ways to directly measure the 
radiation rate at the sampling site is by gamma 
scintillometer. Because the gamma rays emitted from U, Th 
series and have different energy spectrum, a 4
channel scintillometer can pick out these dose separately, 
which allows calculation of each contributor. By the 
equilibrium assumption, the total dose rate can also be 
calculated.
C) Laboratory alpha counting.
T horium Series U ran ium Series P o tass ium  40
Nuclide Half-life Nuclide Half-life
Th-232 1.4* 1010 yr U-238 4.47* 109 yr K-40 1.25* 109 yr
la 1 la, 2B \
Radium-228 6.7 yr U-234 2.45* 105 yr \
1 la \
la, 2B Th-230 7.5* 104 yr \
/
i  la \
Radium-224 3.6 d Radium-226 1.6* 103 yr
1 la |  la r(1.46Mev)
Radon-220 55 sec Radon-222 3.82 d 10.5%
I la
Polonium-216 0.16 sec ßa, 2B B(1.36Mev)
Lead-210 22 yr 89.5%
|  2B \
2a, 2B Polonium-210 138 d ' \
1 la Argon-40 Calcium-40
Lead-208 stable Lead-206 stable (stable) (stable)
Table i, Radioactive decay schemes of U-238, Th and K-40. 
(from Aitken, 1985).
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An alpha counter can detect the alpha particals 
emitted from Th and U series, and a decay-pair technique 
(Aitken, 1985) can help to determine their ratio. Based 
on the equilibrium assumption and combined with K40 
content obtained by other analysis, the total dose of 
alpha, beta and gamma can be evaluated.
All the 3 methods rely on the equilibrium assumption. 
However, the first method calculates the expected dose 
rate from the parent element contents and the other 2 
methods measure the partial radioactive dose (alpha and 
gamma respectively) directly and then calculate the total. 
If the assumption of equilibrium is not true, the result 
from the first method would differ from that obtained by 
other two methods. Disequilibrium occurs when any 
transitional isotopes in the decay chains are added to or 
leak from the site, eg. by solution of groundwater.
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APPENDIX 5 PROCEDURE FOR PREPARING QUARTZ SAND FOR 
TL MEASUREMENTS
Inclusion from 90 to 125 micron quartz was obtained by 
following procedure:
a) Hot HC1 (about 20% concentration) washing for 
several times to remove gypsum and the red coatings on the 
quartz.
b) Sieving to obtain the portion between 90 and 125 
microns.
c) Heavy liquid sorting to seperate quartz from other 
minor minerals by using sodium polytungstate of 2.5 and 
2.66 densities (density of quartz is 2.6).
d) HF acid etching for 40 to 50 minutes to remove the 
surficial layer affected by alpha particales.
For the 12 samples, the etching removed the outlayer 
43.1% on the average by weight, equivalent 17% by 
diameter. Therefore, an outer layer of about 8 microns
was etched off.
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APPENDIX 6 DISC LOADING FOR TL MEASUREMENT
Disc loading procedure:
a) Silicone sprayed on discs.
b) The discs laid on the grain pile with the sprayed 
side down and with slight pressure on the upper side.
c) The discs are held by tweezers and tapped to remove 
loose grains.
The net weight of the grains on each disc ranges often 
from 60 to 80 mg, which is satisfactory for the monolayer 
method (Spooner, 1987) .
